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ABSTRACT
Over the last few decades the academic and construction community has been faced 
with the problem of ageing reinforced concrete highway bridges. The durability of 
such structures is an increasing concern due to the high cost implications of 
maintenance, the social impact of road closures and the potential dangers of structural 
failure. Research has shown that it is mainly the chloride ions within the rock salt de- 
icing chemicals that induce and accelerate the corrosion of concrete reinforcement, 
resulting in the curtailment of the life-span of such structures. A number of alternative 
de-icing chemicals have been suggested, but environmental concerns or high 
production costs have led to limited use of those alternatives. However, acetate-based 
de-icers, which seem to be environmentally friendly, combined with the research on 
cost-efficient methods for their production and application, may provide a viable 
alternative for winter operations on corrosion-prone structures.
This study examined the effects of two commercially available acetate-based de-icers, 
calcium magnesium acetate (CMA) and sodium acetate (NAAC), on concrete 
reinforcement corrosion. It also investigated their effects on the microstructure and 
other physical and chemical properties of cement paste and concrete. This was 
achieved through a number of standard investigative techniques and by maintaining 
consistency with respect to the materials used, the curing conditions and the exposure 
regimes employed throughout the investigation. Control specimens were exposed to 
water and sodium chloride (NaCl).
The correlation of the results from the different types of tests provided a 
comprehensive picture of the way these chemicals interact with reinforced concrete. 
The two acetate based de-icers tested, proved to be non-corrosive during the period of 
testing, while NaCl was observed to increase the tendency for reinforcement corrosion, 
especially in more permeable specimens. Exposure to CMA solutions led to the 
formation of magnesium hydroxide (brucite) on the surface of samples but no 
noticeable changes were observed deeper within the specimens. No significant effects 
were observed in the cement paste microstructure as a direct result of exposure to 
NAAC.
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CHAPTER 1 INTRODUCTION
1.1 Introduction
Over the past decades, the need to repair or replace ageing infrastructure worldwide 
has led construction professionals and academics to increasingly place emphasis on 
the durability of new construction and develop appropriate methods of design, new 
materials, quality assurance procedures, monitoring and control. The need to design 
durable structures is recognised by most codes and standards for structures 
manufactured from reinforced concrete and other structural materials. Most of them 
specify methods and measures to ensure durability, and emphasis is currently placed 
on extending the service life of structures.
In particular, the durability of highway reinforced concrete structures has been an 
issue of growing concern [1 ,2 ], as durability related failures occur more frequently 
and sometimes with serious financial and social implications. It has been estimated 
that the annual direct cost of repairing bridges in the US alone, including the cost of 
replacing deficient bridges, totals $8.3 billion [3] while the cost of repairing highway 
structures in general amounts to $20 billion [4]. A study by Wallbank [2], places the 
corresponding total cost in the UK at approximately £615 million. In addition, indirect 
costs to the user such as traffic delays and consequent reduction in productivity are 
estimated to amount up to 10 times the direct costs of deterioration [3,5].
Some of the parameters that can compromise reinforced concrete durability are 
aggressive urban and industrial environments, highly permeable concrete, 
inappropriate design detailing and poor workmanship [6 ]. However, it is generally 
recognised that the principal cause of reinforced concrete deterioration in developed 
countries is chloride-ion-induced corrosion of the reinforcement. Chloride ions are 
present in seawater and in many de-icing chemicals used on road and bridge 
pavements. Thus, structures such as harbour facilities and highway bridges, which are 
exposed to chloride-rich environments, are especially susceptible to this kind of 
attack.
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In the winter season, de-icing chemicals, in particular, along with snow ploughing and 
sanding, ensure drivable and secure road pavements. Sodium chloride (rock salt) is 
the most commonly used de-icer. However, it is also the main source of chloride- 
contamination of bridge decks, and therefore, one of the main causes of corrosion- 
induced deterioration of concrete which often results in a significant reduction of the 
life-span of concrete structures.
Steel reinforcement within concrete is inherently protected from corrosion due to the 
alkaline environment of the pore solution of uncarbonated concrete, which, in turn, 
leads to the development of a thin, “passive”, ferric oxide layer on the surface of the 
steel, which acts to prevent further deterioration [7]. Chloride ions, when present in 
sufficient concentrations in the concrete pore solution, play a major role in destroying 
the stability of any passive layer [8,9]. In cases where their action is combined with 
carbonation, which results to a lowering of the pH value of the pore solution [10], 
they act as catalysts enhancing the electrochemical reaction of corrosion [6 ].
Corrosion products can occupy several (2 to 6 ) times the volume of the reinforcing 
steel from which they originate and, when they are formed at the steel/concrete 
interface, they can cause cracking of the concrete cover and eventually delamination 
and spalling [7]. The cracked concrete allows more chlorides to diffuse to the level of 
the reinforcement; the corrosion rate is dependent on the concentration of chlorides 
[6 ], and so cracking accelerates corrosion and compromises the structural integrity of 
the structure. Moreover, where significant concentrations of chlorides are 
accompanied by little available oxygen, a localised form of corrosion may occur, 
often referred to as “pitting corrosion” [8,9], which can lead to significant loss of steel 
cross-section. In addition, as will be described in more detail in later chapters, 
chlorides can make the pore solution around the reinforcement more acidic, thereby 
amplifying their deleterious consequences.
Additionally, apart from infrastructure damage, other effects of salting include 
reducing the life of motor vehicles, degradation of roadside natural environment, and 
infiltration of sodium and chloride ions into drinking water supplies. The cost of such 
processes is more difficult to quantify but can collectively represent costs several 
times the obvious damage [3,5].
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Recognising the drawbacks of chloride ion based de-icing materials, government 
bodies, especially in the USA, have directed their interest towards alternative deicing 
chemicals seeking effective, financially viable and environment-friendly solutions. In 
1980, the Federal Highway Administration (FHWA) of the USA identified Calcium 
Magnesium Acetate (CMA) as a possible replacement for road salt, thus, rendering it 
the subject of several laboratory and on-site studies [5]. The scope of these studies, 
some of which are still in progress, has been to evaluate the de-icing performance of 
the material, possible impacts on the environment and public health, its compatibility 
with vehicular and highway materials and alternative, cost-effective, methods of 
CMA production.
Most of the available literature suggests that CMA is much less corrosive than sodium 
chloride. There is even some evidence to suggest that it slows down the corrosion of 
rebar in chloride-contaminated concrete [II]. Moreover, as CMA is biodegradable 
[1 2 ], it does not seem to exhibit adverse effects on public health or roadside 
vegetation and its general environmental impact seems to be negligible. Its greatest 
drawback, however, is its high cost, compared to the relatively inexpensive rock salt.
Following the aforementioned research studies, which established the potential 
effectiveness of this acetate de-icer, the United States Congress requested a study 
comparing the total costs (direct and indirect) of salt and CMA [5]. The committee 
that was assigned to carry out the study concluded that it is uncertain whether a 
complete replacement of rock salt with CMA could present a financially viable 
solution. This was because much of the indirect damage was, in many cases, 
unquantifiable, and also because of the lack of information regarding existing 
structures or experience on CMA use. In fact, in a number of cases, even rough 
estimates of the costs have been impossible [5].
Another de-icer that deserves attention and further investigation due to its potentially 
benign behaviour towards reinforced concrete structures, is sodium acetate (NAAC). 
However, the corrosive properties of NAAC with respect to concrete reinforcement 
have not been as widely investigated, and the available literature on the subject is 
extremely limited. NAAC is available commercially and is frequently used as an
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airport runway de-icing chemical and as a road de-icer in certain parts of the United 
States of America. It is known to be exothermic, it works quickly and at low 
temperatures and does not contain chlorides. Moreover, it requires fewer applications, 
it is biodegradable and does not persist in the environment [13,14]. Therefore, it is 
most likely to be environmentally safe. No studies regarding the financial viability of 
sodium acetate as a replacement for road salt have been conducted up to now, and 
therefore the economic aspects of the use of this de-icer are still to be determined.
The problem with the existing literature regarding the effects of acetate de-icers of 
reinforced concrete is that they employ different investigative methods for the 
assessment of the de-icers’ effects on concrete and on reinforcement. In the case of 
corrosion investigations, each study uses different types, shapes and sizes of metals, in 
different environmental conditions and exposure regimes. Similarly, in studies on the 
effects of acetate de-icers on concrete, mix design and the use of additives vary 
significantly. Additionally, the acetate de-icers are used in solutions with different 
concentrations and, in some cases, different molar ratios. Moreover, the testing 
techniques vary as well; In the case of corrosion testing some of them use DC 
polarisation testing while others use electrochemical impedance methods. The same is 
true for the microstructural and physical properties testing of concrete. In addition, 
one of the main problems is that none of the studies combines an investigation on the 
effects on concrete and embedded steel. This makes any attempts for comparison 
between results, difficult.
The study within this thesis attempts to assess those effects on very different 
properties via a number of testing techniques, using the same concrete mixes, de-icer 
solutions, exposure regimes and laboratory conditions for the same period and for all 
specimens. In this manner, for instance, the effects of the de-icing chemicals on the 
electrochemical behaviour of the reinforcement will be easy to interpret and 
understand by correlating it to a change in the microstructure at the same age of a 
same-mix specimen.
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1.2 Objectives
The general objective of this research was to study the effects of CMA and NAAC de- 
icers on concrete and embedded reinforcement. This has been attempted, as 
mentioned before, by means of an electrochemical corrosion study and a 
microstructural investigation through well-recognised techniques. The effects of these 
de-icers on the physical properties of the cement paste have also been investigated. 
The main objectives of this research can be summarised as follows:
1. To assess the corrosion rate for steel reinforcement in concrete exposed to CMA 
and Sodium acetate solutions for a period of one year and to compare them with 
the corresponding properties of steel reinforcement in concrete exposed to NaCl 
solutions.
2. To correlate the concentrations of the solutions of the two acetate-based deicing 
chemicals under investigation to their ability to suppress corrosion rates in order 
to obtain optimum application rates on pavements.
3. To record the effects of the W/C ratio of the concrete specimens in contact with 
the acetate-based de-icers on the corrosion rates, if any, of the reinforcement.
4. To develop an understanding of the effects of the acetate-based de-icers under 
investigation on the microstructure and the physical and chemical properties of the 
cement matrix and to attempt to correlate these effects with the corrosive 
properties of those agents.
5. To investigate the effects of the addition of microsilica (silica fume) in the binder 
on the corrosion rates of the reinforcement, but also on the microstructure and the 
physical and chemical properties of the cement paste.
1.3 Methodology
To achieve Objective 1, a potentiostat was used to measure corrosion, with two well- 
established techniques, in rebar embedded in different concrete specimens 
periodically ponded with CMA, NAAC, NaCl and water for comparison purposes.
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Objective 2 was addressed by varying the concentration of the acetate de-icers under 
investigation and Objective 3, by varying the W/C ratio of the concrete samples. At 
the end of the study, embedded bars were extracted to confirm the existence or 
absence of corrosion.
Objective 4 was met by examining cement paste specimens, with a variety of 
microstructural investigative methods, including SEM microscopy. X-ray 
diffractometry and thermal techniques. Physical property tests as well as pH 
indicators were also used. The collective results of this investigation were used to 
determine if any of the de-icers under investigation alter the properties of the cement 
paste and the pore solution in a manner that could be conducive to corrosion of the 
reinforcement. This assumption was further reinforced by possible correlation of the 
onset of specific trends in the corrosion behaviour of the rebar in the corrosion 
experiments, and the phenomena observed in the microstructure of the matrix.
Objective 5 was achieved by conducting the same experiments on specimens 
containing microsilica. Knowledge, from literature, of the effects of microsilica on the 
hydration process and on the chemical composition of the cement matrix, helped 
interpret the observed effects of the de-icers on the specimens containing this additive.
1.4 Thesis Layout
This thesis comprises ten chapters in total. Chapter 1 offers a brief introduction to the 
investigation, its aims and objectives and the way they were addressed. The literature 
review in Chapter 2, makes an introduction to the durability issues of highways 
infrastructure. It also makes a review of deterioration mechanisms of concrete 
structures placing emphasis on reinforcement corrosion and de-icing chemicals. The 
effects of corrosion on the environment and the economy are briefly discussed as 
well. A review follows, of the effects of the de-icers under examination, on concrete, 
on steel reinforcement and on the natural environment, both in the laboratory and on 
site, and an attempt is made for a comparison between the effects of these de-icers and 
those of sodium chloride. Chapters 3, 4 and 5 concern the materials, the specimen
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manufacture and the testing methods employed in this study. Chapter 6  contains the 
corrosion investigation results and a discussion on them. Chapter 7 presents the results 
and discussion of the microstructure investigation while Chapter 8  presents the results 
and discussion of the physical properties investigation. Chapter 9 is a summary 
discussion of key results from all aspects of the investigation. Chapter 10 presents the 
key conclusions of this study and makes recommendations for future work. At the end 
of the thesis and in the accompanying CD, Appendices A-E are attached.
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2.1 Introduction
For the purpose of introduction to the concerns leading to the study of acetate-based 
de-icers, this chapter commences with a brief historical review of the events and 
practices that led to the concrete durability concerns of today. This is followed by a 
view of the factors that affect concrete durability. The factors relating to the use of de- 
icing chemicals are identified and examples of data on the financial impact of de-icing 
are presented.
The main focus of this chapter is to review the existing literature on the specific 
properties of the two selected acetate-based de-icing chemicals, as well as how they 
compare to the corresponding properties of sodium chloride. The main aspects 
reviewed are their ice-melting capability and their effects on concrete, on metals, and 
on highway bridge structures, through laboratory and field studies.
An overview of the existing literature on related issues, but outside the core scope of 
this study, is also included; namely, the environmental effects of the selected acetate 
based de-icers and the economics of a potential replacement of rock salt with acetate- 
based de-icers for winter operations.
2.2 Introduction to concrete durability and deterioration
2.2.1 Brief history of concrete and modem durability concerns
Concrete, (a building material made of cement, aggregate, water and, often, other 
chemical additives), is the most widespread building material in use today. For several 
millennia, its use, in various forms and compositions, has helped shape human 
civilization. The Greeks and the Romans both used slaked lime mortars, the durability 
of which is demonstrated by the numerous surviving Roman brickwork structures.
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After centuries of little or no development in concrete use, Smeaton’s [2] and later 
James Parker’s work in the second half of the eighteenth century, led to the discovery 
of what the latter named “Roman Cement”. This hydraulic cement, obtained by 
calcining argillaceous limestone, was later replaced by “Portland Cement” [3], 
initially patented by Joseph Aspdin in 1824 [4].
In 1854, William B. Wilkinson, patented the embedding of metal ropes in concrete 
and created the first reinforced concrete structures [5]. After the turn of the 20^  ^
century, reinforced concrete began being used widely and significant advancements in 
this type of construction started to emerge. It is, however, doubtful whether the fact 
that the alkalinity of concrete can protect the steel reinforcement from corrosion was 
understood in those early days [6 ]; users considered the concrete cover as simply a 
means of “keeping the weather out”. Relative to modem concrete, early mixes had 
high water contents, a fact which led to problems of carbonation and reinforcement 
corrosion in many of them. This trend changed with the publication of the first British 
Code of Practice in 1934, after which, durability ceased to be considered a major issue 
[1].
However, experience from the second half of the 20^  ^century suggests that despite the 
high strength and inherent durability of reinforced concrete stmctures, their exposure 
to aggressive environments has frequently rendered them susceptible to damage and 
failure, many years before they had reached the end of their service life. This 
realisation came within the last few decades. It has troubled academics and 
constmction professionals for years, leading to extensive research into the degradation 
of reinforced concrete and the subsequent drafting of codes and specifications for its 
prevention. Although the “perfectly durable” reinforced concrete stmcture remains 
elusive, the mechanisms through which concrete deterioration takes place are 
generally well understood. The main approach towards durable reinforced concrete 
stmctures today is the adaptation of the reinforced concrete design to withstand the 
stmcture’s specific environment. In some cases attempts to reduce or eliminate the 
damaging factors may present viable option.
A basic understanding of the composition and nature of concrete and the corrosion of 
steel can provide an insight into the mechanisms of concrete deterioration.
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2.2.2 Concrete composition and cement hydration
Concrete is a composite material composed of aggregates and hydrated cement paste. 
Its quality is determined by the quality of its constituents and their relative amounts in 
the mix [7]. The aggregates are usually sand and gravel or crushed rock, while the 
paste is the result of mixing (typically) Portland cement with water to produce a 
cement paste that binds the aggregate particles together into a cohesive mass.
2.2.2.7 Portland Cement
“Portland cement” is a broad term, coined by Joseph Aspdin, that describes modem 
cements used in the production of concrete. Their production involves the calcination 
of, mainly, silica, lime, alumina and iron oxide at I400°C to 1600°C to produce the 
compounds outlined (along with their typical relative quantities) in Table 2.1.
Chemical Name Chemical Formula Shorthand
Notation
Percentage (%)
Tricalcium Silicate 3 Ca0 .Si0 2 C3S 50+8
Dicalcium Silicate 2 Ca0 .Si0 2 C2S 25+7
Tricalcium Aluminate 3CaO. AI2O3 C3A 12+3
Tetracalcium Aluminoferite 4CaO. Al2 0 3 .Fc2 0 3 C4AF 8 + 2
Calcium Sulphate dehydrate 
(gypsum)
CaS04.2H20 CSH2 3+0.3
Table 2.1 Tvpical composition of Portland cement 181
The main compounds within Portland cement (C3S, C2S and C3A) hydrate through a 
series of chemical reactions when the cement is combined with water. The hydrate 
that plays the most significant part in strength and binding properties of the hardened 
paste is calcium silicate hydrate, commonly known as C-S-H and it is sometimes 
referred to as the “glue” in concrete. Other major products of hydration include 
calcium hydroxide, which buffers the pH at values in the range 12-13, calcium 
aluminate hydrates and calcium sulphoaluminate hydrates. Typical cement contents in 
normal concrete mixes lie in the range of 250-450kg/m^ but in some cases they may 
exceed those values. New European standards [9], have further subdivided the types
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of cement to meet modem requirements, and recognise the important role of blended 
cements that incorporate materials such as PFA, silica fume and GGBS
2.2.3 Causes of reinforced concrete deterioration
The causes of concrete deterioration can generally be divided in three major 
categories; mechanical, chemical and physical causes [10]. Mechanical causes include 
impact, abrasion erosion and other external action. Physical causes include rapid 
temperature changes and differential thermal expansion of the various constituents in 
the concrete. Chemical causes may be divided into internal or external. The internal 
causes include the expansive reactions between compounds in the mix. Such reactions 
include, among others, the alkali-silica reaction (ASR), whereby aggregates, rich in 
(unstable) silica, react with the sodium and the potassium hydroxides in the pore 
solution to form an expansive gel which may cause concrete to crack with devastating 
results to the life-cycle of concrete stmctures [10]. External causes include the 
permeation of aggressive ions, liquids and gases. Specifically, there are three main 
transport mechanisms; Permeability, which refers to a flow under a pressure gradient, 
e.g. hydraulic pressure, dijfusion under a concentration gradient, and sorption, which 
is caused by capillary suction due to surface tension. Permeability relates often to 
dissolved agents such as chloride ions, in water ponded on concrete stmctures, 
making their way though the pores under hydraulic pressure. As far as diffusion is 
concemed, carbon dioxide, which is responsible for carbonation, is of more interest, 
although, in addition to diffusion of gases, chlorides and sulphates can move by 
diffusion in the pore water. Sorption is often a main mechanism of attack, mainly in 
foundations, where sulphates dissolved in ground water can enter the pores by 
capillary suction. Deterioration due to extemal causes may have direct or indirect 
action. For example, certain liquids may directly damage hardened concrete, while 
chlorides reaching the reinforcement may act indirectly by causing corrosion of any 
embedded steel, which in tum causes spalling of the concrete cover. It is rarely that 
deterioration of concrete occurs due to a single cause. More often than not, 
deterioration is the result of synergy between different processes. One example is the 
case of de-icing agents, which may cause successive freezing and thawing while
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introducing corrosion-inducing chloride ions into the pore solution. Cracks caused by 
freezing and thawing facilitate the ingress of the chlorides to the reinforcement, thus 
accelerating the initiation of corrosion. In the past few decades, the general 
categorisation of exposure conditions in a few categories and the disregard for the 
synergistic action of the aforementioned processes has often led to misevaluation of 
the durability of structures [1 0 ].
The failure of many structures to perform in a satisfactory manner over their predicted 
service life has led to a change in the way academics, specifiers and industry 
professionals view the issue of durability. Modem standards and specifications 
recognise durability oriented design as a critical issue, that requires consideration of 
both the exposure type and mechanism controlling deterioration. BS EN 206:1 2000 
[II], considers the individual concrete deterioration mechanisms in order to classify 
the exposure conditions. The deterioration mechanisms considered are:
Corrosion by carbonation;
Corrosion by chlorides other than from sea water;
Corrosion by chlorides from sea water;
Freeze/thaw attack with or without de-icing agents;
Chemical attack from natural soils and ground water.
Therefore, depending on the particular exposure conditions, the strength requirements 
and the fresh concrete properties required, the specifier can proceed with the mix 
design.
2.2.4 Factors that affect durability
The purpose of modem standards is to adjust the mix design in order to provide mixes 
able to withstand the particular exposure conditions they are destined to experience 
during their service life. This implies that a very impermeable concrete may not be 
required for an application in an environment with no aggressive agents. Thus, the 
mix parameters can be modified in such a way as to produce a mix with adequately 
low permeability for its particular application. In the same manner the depth of the
-1 4-
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concrete cover may be customised for each application. However, the desired product 
is only attainable if properly placed, compacted and cured. In the paragraphs that 
follow in this section, the parameters of the mix design that influence concrete 
durability along with the role of compaction and curing are discussed.
2.2.4.1 Cement type
Modem European Standards permit a wide range of cement types and cement 
replacement materials, as specified in BS EN 197-1:2000 [9], to suit specific exposure 
conditions in accordance with BS EN 206-1:2000 [11]. Maximum values are set for 
the percentage of cement replacement materials depending on the material itself and 
the exposure class. It has to be noted that while a type of cement may be more suitable 
than another for a certain type of exposure, it could be less suitable in another 
environment. For example, properly cured blends of PC with GGBS offer excellent 
resistance to the ingress of chloride ions, but have poor resistance to carbonation [1 2 ].
2.2.4.2 W/C ratio and cement content
A  sufficient free water content, combined with an adequately proportioned cement 
content to ensure that a maximum W/C ratio is not exceeded, ensures good 
workability of the mix and low permeability of the hardened concrete. Keeping a 
fixed w/c ratio and increasing the cement content leads to an increased free water 
content and thus, more paste volume, which will aid workability and compaction, and 
typically result in a concrete less permeable and less susceptible to chemical attack.
2.2 .43 Concrete cover
The concrete cover over the reinforcement protects the steel both physically, by 
providing a barrier between the steel and the aggressive elements of the environment, 
and chemically by supporting the formation of a protective oxide film on the surface 
of the reinforcement, which shields it against corrosion. It can also chemically bind 
potentially aggressive ions, such as chloride ions, thus further protecting the 
embedded steel. An adequately sized concrete cover will delay the ingress of
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aggressive agents towards the reinforcement and therefore, delay the initiation of 
corrosion commencement. Different exposure conditions require concrete covers of 
different depth.
2.2A.4 Compaction
Good vibration and compaction of the fresh mix ensures the minimum attainable air 
voids in the concrete, therefore minimising porosity and helping concrete achieve its 
design strength and durability requirements. Over-compaction, however, may lead to 
phenomena such as bleeding and segregation or both. Bleeding, itself a type of 
segregation, is the process through which water, not combined chemically or 
otherwise, rises to the surface of fresh concrete after placement. Segregation is the 
process where the heavier aggregate particles are displaced towards the bottom of the 
placed concrete while the lighter ones rise towards the surface. This leads to the 
disruption of the homogeneity of the mix and adversely affects many of the concrete’s 
properties.
2.2.4.5 Curing
Curing of concrete is the process followed after concrete casting to ensure adequate 
hydration of the cement is achieved. Although hydration normally continues for a 
long period after the end of curing, if the latter is conducted properly a large degree of 
hydration can be achieved within the early days after casting. This is accomplished by 
controlling the relative humidity and temperature at the surface of the concrete. The 
purpose is to keep the concrete saturated so that all the water in the mix is available 
for hydration. Maintaining constant temperature is also important, as it can be shown 
that excessive early temperature rise, despite helping achieve high early strength can 
lead to porous products thus compromising long-term durability [1]. It is mainly the 
curing of the surface concrete, which is the key to durability, as it is that layer which 
separates the steel from the CO2, chloride ions and other aggressive agents.
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Adequate curing is also crucial as a defence against freezing and thawing. When 
concrete is not adequately cured, there is excess water in the pore network which may 
incur damage by expansion during successive freezing and thawing cycles.
2.3 Deterioration of concrete by de-icing agents
2.3.1 General
The present study focuses on durability issues arising from the use of de-icers. Thus, 
the weight of the investigation is placed on deterioration mechanisms relating to the 
use of such agents. The most usual de-icer induced damage to concrete emanates from 
exposure of reinforced concrete to freeze/thaw cycles and corrosion of concrete 
reinforcement. This section, describes these processes and the way they relate to the 
action of de-icers. However, due to the wide variety of de-icers available today, it is 
possible that some de-icing agents may harm concrete structures in different ways, 
through chemical attacks or the formation of deleterious compounds. This chapter 
covers, in later sections, a review of the existing literature on the possible effects on 
concrete of the de-icing agents under investigation in this study.
2.3.2 Freeze/thaw damage
The freezing and thawing of concrete is a phenomenon exclusively encountered in 
cold climates. Repetitive freeze/thaw cycles can damage concrete in a number of 
ways. The most common cause of damage from freeze/thaw cycles is water in the 
capillary pores, which expands through freezing, reportedly 8 % to 9% in volume 
[1,10]. Freeze/thaw damage depends on the degree of saturation of the concrete, the 
available water from the gel pore network or extemal sources, the pore structure and 
the climatic conditions. Dry concrete runs no risk of freeze/thaw damage, and 
generally, the less saturated the pores the lower the associated risk. Also air 
entrainment and a small volume of capillary pores can mitigate freeze/thaw damage 
[1].
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The deterioration mechanism is described by Mathers [13]. As ice forms, if void pore 
volume is insufficient, water still in the liquid state and air is displaced towards fine 
cracks, which in tum increase in size due to the pressure exerted. When thawed, there 
is a pressure relief, but these cracks may retain water, which will exert more pressure 
during refreezing. This is the reason that the repetition of this type of cycle has 
cumulative effects.
A secondary expansion effect is brought about by the fact that the displaced water is a 
more concentrated solution than normal pore water because of solutes driven from the 
ice body developing, since the latter is pure and also because of solutes from extemal 
sources. This leads to osmotic pressures and water movement from the gel pore 
network, which will freeze exerting more pressure. The movement of gel pore water 
towards the capillary network is significant because gel pores are too small for 
freezing to occur. The movement of gel pore water to the capillary network provides 
additional water which can be frozen [1]
The extemal sources of solutes are often road de-icing chemicals which, by various 
processes, as described in 2.2.3, can migrate into the pore solution. Another manner in 
which the de-icers play a significant part in increasing the severity of this freeze/thaw 
attack on concrete, relates to the way these chemicals melt ice. De-icing chemicals are 
incapable of melting snow and ice in their dry (solid) state. They must first attract, or 
encounter, moisture to form brine (a salt/water solution). The brine then penetrates 
down through the ice and snow until it reaches the surface of the pavement, and then 
spreads outwards melting and undercutting the ice and snow for mechanical removal 
[14]. The brine, which has a lower freezing point than water [15], can be absorbed by 
the underlying concrete slab and the concrete can become saturated by the solution. 
As more ice melts, the solution becomes more dilute and refreezes. Subsequent 
applications of de-icers lead to further repetitions of this process. Thus de-icers may 
increase the number of freeze/thaw cycles well as the saturation of the capillary pore 
network [13]. Further increase of the degree of saturation may be brought about by 
de-icers as they act to increase the surface tension inside the pores therefore, keeping 
the pores saturated even during drying conditions [10]. It has been reported that some 
de-icers act differently from the commonly used chloride-based de-icers [16], and so, 
might not promote freeze/thaw damage [17].
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2.3.3 Corrosion damage
2.33.1 Thermodynamics o f corrosion
Almost all metals occur in nature in chemical compounds known as ores which have 
been present since the formation of the earth’s crust. To obtain them from their 
oxides, a sufficient supply of energy is required. It has been observed that once 
obtained from their source oxides, metals have the tendency to return to their previous 
state by means of a process we call “corrosion”. It is thought, that the chemically 
combined state of metals as oxides, sulphides, carbonates and others is preferred by 
nature. In thermodynamics this state is called “low energy state”. It follows that 
metals separated through energy supply are “high energy states”, which generally tend 
to transform to low energy states [23]. For metals this is interpreted as a tendency to 
corrode. However, for corrosion to be initiated, an energy barrier called the “free 
energy of activation” has to be overcome through more energy supply. This energy is 
usually supplied to the metal by its environment. Trethewey and Chamberlain [18] 
offer a schematic representation of a thermodynamic energy profile for metals, similar 
to the one illustrated in Figure 2.1.
Î
A. y \
Metal
AG* (free energy of activation)
AG (free energy difference)
Ore Corrosion Product
Reaction Co-ordinate
Figure 2.1 A thermodvnamic energv profile for metals and their compounds [18]
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Therefore, corrosion can be defined as the degradation of metals through a series of 
reactions with its environment. These reactions are electrochemical processes and the 
essential chemical species required in contact with the metal for corrosion to occur are 
oxygen and water, although the presence and participation of other elements may 
accelerate or slow down the overall rate of the reaction [18].
23.3 .2  Nature of corrosion damage in concrete
Corrosion does not leave steel reinforcement in concrete unaffected. In fact, it is often 
cited as the most significant factor in durability-related failure of structures globally 
[10]. The concrete cover, discussed in section 2.2.4.3 is the first line of defence 
against corrosion, as, depending on its depth and impenetrability, it can limit the 
availability of oxygen and moisture as well as the intrusion of aggressive agents from 
the environment. However, concrete has an inherent mechanism for the protection of 
the reinforcement.
When reinforcement bars come in contact with fresh concrete they start corroding, 
initially forming a double layered film on the surface which comprises a layer Fe2 0 3  
or Fe3 0 4  on the inside and a hydrous oxide layer on the outside. This film prevents the 
further corrosion and dissolution of iron ions by obstructing contact with moisture and 
water. This leads to a condition corrosion engineers call “passivation” whereby little 
or no corrosion is observed [18]. The film becomes unstable and may break down if 
the pH of its environment falls below 11.5. In this context, Wilkinson, and the other 
pioneers of reinforced structures, did not know how lucky they were in their idea to 
embed steel bars in concrete. As mentioned before in this chapter, the pH of the pore 
solution is typically maintained between the values 1 2  and 13 due to the presence of 
NaOH and KOH and the dissolution of Ca(OH)2 which buffers pH values above 12.6.
The break-down of this protective film due to carbonation or chlorides can lead to the 
initiation of corrosion of the steel reinforcement. The latter is usually a two stage 
process. Initially, ferrous hydroxide Fe(0H)2, and ferric hydroxide Fe(OH)3 form, 
which in tum react to produce the final corrosion products, which can vary between 
FeOOH, Fe2Û3 and Fe2 0 3 .H2 0 , [10]. A number of types of damage can take place.
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often depending on the cause of corrosion. Dependence of corrosion on the pH is 
demonstrated in the simplified Pourbaix Diagram for iron, oxygen and water of Figure 
2.2. In acid and neutral environments, the oxides that form on the surface of steel are 
soluble and corrosion of occurs for a wide range of potentials. In alkaline conditions 
such as in concrete, these oxides are less soluble and the passive film forms. 
Furthermore, it is shown that lowering the potential of steel, will make it 
thermodynamically stable and immune to corrosion.
>
1
£
2
corrosion
1 passive
.2+
0 corrosion
1
immune
0 2 4 6 8 10 12 14
pH
Figure 2.2 Schematic Pourbaix Diagram
Usually, the corrosion products form on the surface of the steel and, owing to their 
lower density, can occupy 2-6 times the initial volume of the parent steel [19]. Thus 
their formation exerts pressures on the overlying cover, which can lead to cracking 
and spalling of the concrete surface. Figure 2.3 illustrates an example of this type of 
damage, while Figure 2.4 schematically depicts the progress of this phenomenon.
Alternatively, pitting corrosion, which is typical of chloride attack or differential 
aeration conditions, can reduce the cross-sectional area of the steel bars without 
initiating cracking of the concrete cover, and can thus lead to the reduction of the load 
bearing capacity of a structure [19]. The corrosion product in this case dissolves in the
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pore solution and it may stain the concrete surface, which is a tell-tale sign that this 
phenomenon in progress.
f'V ' v V ,  7%.
\ : - F -  ^  - i
. 1 ^ - .  C f  :v ■;
Figure 2.3 Example of deterioration of bridge elements 1201
e
Growth of corrosion 
product and initial 
cracking of concrete
Further corrosion, 
cracking and spalling of 
concrete
Figure 2.4 Stages of corrosion damage in reinforced concrete
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2.3 .33 Electrochemical Process
Corrosion is an electrochemical process comprising two basic “half-reactions”; 
namely, oxidation and reduction. In oxidation, an element or compound loses an 
electron to form a cation as per the example of equation 2 .1 , and in reduction an 
element or compound gains an electron to form an anion as per equation 2 .2 .
Fe Fe^ "^  + 2e" Oxidation (Equation 2.1)
H2O + &6 O2 + 2e" 20H Reduction (Equation 2.2)
The existence of an electrochemical cell is necessary for these two half reactions to 
occur. Figure 2.5 illustrates a basic electrochemical cell whereby two electrically 
connected electrodes are immersed in an electrolyte. One of the electrodes becomes 
the anode, where oxidation occurs, and the other becomes the cathode, where the 
reduction takes place. When the two electrodes are made of dissimilar metals with 
different standard potentials, the position of these metal in the electrochemical series 
(Table 2.2) determines which of the two will become the anode and which the 
cathode. It has to be noted that the standard potentials are measured at a standard 
temperature and electrolytes with fixed composition and concentration of each metals 
ions [19].
Gold +1.68
Mercury +0.86
Silver +0.80
Copper +0.35
Hydrogen 0.00
Nickel -0.22
Iron -0.44
Zinc -0.76
Aluminium -1.66
Magnesuim -2.37
Lithium -3.30
Table 2.2 Standard electrode potentials of metals in relation to hvdrogen [191
23-
Chapter 2: Literature Review
Electrolyte
Figure 2.5 Schematic of a basic electrochemical cell (dissimilar metals)
An electrochemical cell can also form between two electrodes of the same material if 
there are local differences of temperature, electrolyte composition or concentration 
[18]. This is the case with reinforcement corrosion, as concrete is a composite 
material where localised differences in pore solution are commonplace. The problem 
of these naturally occurring differences can be compounded by the localised 
breakdown of the passive film at different locations due to factors of external origin. 
Figure 2.6 presents a typical representation of an electrochemical cell formed on a 
reinforcement bar.
OH
Figure 2.6 Schematic representation of a basic electrochemical cell formed on a 
reinforcement bar embedded in concrete
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2.3.3.4 Corrosion by chloride ingress
As mentioned before, chloride-containing de-icers are the most widely used chemicals 
for ice-melting on roads and bridges. However, their dissolution in water releases 
chloride ions, which often come in contact with the reinforced concrete of the 
underlying structure. Chloride ions shorten the time to corrosion initiation and 
accelerate the corrosion process itself. The precise manner in which chlorides act has 
not been fully established but their role in accelerating the corrosion of steel in 
concrete is well established. Richardson [10], offers the following sequence of 
reactions as a possible explanation of the catalytic action of chloride ions:
2Fe^+ + 4Cr 2FeCl2 (Equation 2.3)
2FeCl2 + 4 H2O 2Fe(OH)2 + 4H% 4CL (Equation 2.4)
Two things become immediately clear. Chlorides are effectively “recycled” at the end 
of the second reaction, which means that this cycle can be repeated and the pore 
solution in the region around the anode becomes more acidic because of the release of 
hydrogen ions. The latter has a two-fold significance. First, a further drop of the pH of 
the pore solution (and so, a further break-down of the passive film) and second, the 
prevention of the formation and precipitation of corrosion product on the surface of 
the steel.
Not all chloride ions in the concrete are available to take part in the above reactions, 
as many of them are bound by the cement matrix. Part of the chloride ions are 
physically bound as they are absorbed on the surface of the gel pores. Another part are 
chemically bound by reacting with C3A to form calcium chloroaluminate or C3AF to 
form Friedel’s salt. Thus, to some extent, the chloride-binding capacity of a cement 
paste depends on its C3A and C4AF content. The “unbound” chlorides are commonly 
called free chlorides. Carbonation of the concrete cover, described below, is 
detrimental when combined with chloride ingress as it releases bound chlorides. 
Inclusion of cement replacement materials may influence the chloride binding 
capacity by reducing pore surface and thus physical binding sites. Chloride ingress as 
well as bound chloride release are also accelerated with temperature rise [1 0 ].
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Furthermore, susceptibility to chloride attack is reduced with lower w/c ratios as well 
as the inclusion of cement replacement materials such as PFA, GGBS or silica fume 
which lead to reduced permeability.
The existing literature includes a variety of suggested values for a critical threshold 
level of total chlorides which triggers corrosion [10,19], but defining such a value 
remains difficult due to the complex interactions of the many factors which determine 
the chloride binding capacity of concrete. Most of the literature, however, seems to 
agree on a value between 0.4% and 0.6% by mass of cement. BS EN 206-1:2000 [11] 
sets this threshold value at 0.4%.
23.3 .5  Carbonation
Carbonation of concrete is the process whereby CO2 in the environment reacts with 
Ca(0 H)2 in the concrete to produce CaCOs (calcium carbonate). CaCOs exists in three 
mineralogical forms; namely calcite, aragonite and valerite, ealcite being the most 
stable and the one usually found in carbonated concrete. The role of Ca(OH)2  in 
maintaining the pH of the pore solution at high values has already been discussed. Its 
conversion to CaCOg results to a significant drop of the pH of the surrounding pore 
solution, to a value of about 8.3 [10]. It was mentioned in 2.3.S.2, that the film 
becomes unstable at values below 11.5. Richardson [10], suggests it breaks down at 
pH values below 9.
The penetration of CO2 is a function of concrete permeability and the factors that 
determine it. Temperature rise also accelerates carbonation, possibly by influencing 
the diffusion coefficient [21]. Moreover, the work of Parrott [22], shows the 
significance of the relative humidity. When the relative humidity is low, carbonation 
is very slow as there is not enough water for CO2 to dissolve. On the other hand when 
the relative humidity is close to 1 0 0 %, carbonation is impeded as the concrete pores 
are filled with water. Intermediate values of relative humidity encourage carbonation.
A determining factor in the defence against carbonation is a property called “reserve 
alkalinity” which refers to the volume of calcium hydroxide, which can act as a buffer
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against the progress of carbonation. Therefore, it is clear that the higher the cement 
content of a mix, the higher the reserve alkalinity. Blended cements with cement 
replacement materials such as PFA or silica fume reduce the reserve alkalinity of 
concrete, but can sometimes compensate for this by reducing the permeability.
Many techniques are available for the detection of carbonation, the simplest of which 
is spraying with pH indicator solutions such as phenolphthalein on surfaces that have 
been freshly broken off so that the pore water on the fracture face would not have 
time to evaporate. The resulting colour on that surface after spraying offers an 
indication of the pH of the pore solution and therefore provides evidence of the 
presence and depth of carbonation. However, colour change can only show of the pH 
value is above or below a critical value.
2.4 Financial impact of de-icing
The greatest expenditure in de-icing does not come from the de-icing operations and 
chemicals themselves but from the damage they cause to the infrastrueture, mainly in 
the form of corrosion. A number of attempts have been made to quantify the cost of 
corrosion damage in the UK and other countries. The widely varying models used for 
calculations as well as the different methods for obtaining information makes the 
results of these studies difficult to compare [23]. Examples from three countries with 
regions that experience prolonged winters are presented below.
A report published in 2003 [24], on cost of corrosion in the UK placed the total figure 
at £4.645 billion, while corrosion in the construction sector accounted for £2.5 billion. 
The report points out, however, that only a few companies from the ones questioned 
were able to provide accurate data. Another UK report in 1989 [25], which focused on 
the cost of repairing and rehabilitating highway bridges only, found the relevant 
expenditure to be £616.5 million spread over a period of ten years after 1989 when the 
relevant report was published. This expenditure would amount to about 0.13% of the 
1989 GDP of the UK [26].
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A similar survey conducted in Japan [27], estimated the road-related expenditure to be 
¥177.4 billion, or 0.059% of the 1999 GDP of that country [28], a small percentage of 
the total corrosion cost in the entire construetion sector, which was estimated to be 
¥1597.6 billion.
In the USA where, ten million tons^ of road salt are applied on roads annually [16] 
and cost that country about US$1.5 billion each year [29], it was estimated that the 
total annual direct cost of corrosion is US$276 billion US$22.6 billion of which, is 
related to damage to infrastructure [10] . Highway bridge corrosion damage makes up 
37% of the infrastructure damage cost, or US$8.3 billion. It is also estimated that 15% 
of American reinforced arid pre-stressed concrete bridges as well as steel bridges, are 
structurally deficient due to steel member and steel reinforcement corrosion [29].
These figures do not include costs inflicted by damage on roadside objects, vehicles, 
the loss of floral and faunal species and surface water quality, the adverse effects on 
soil structure and the migration of sodium and chloride ions into water supplies [29], 
traffic delays and subsequent lost productivity as well as funds allocated for the 
planning and scheduling of the repair and rehabilitation strategies. It is, estimated that 
these indirect costs can amount to ten times the direct costs [29,30]. An example 
which concerns the cost of de-icing in the form of vehicle corrosion and taxes for the 
repair of infrastructure, is set to about US$830 per ton of road salt [31,32].
Recognition of the negative effects of chloride-based de-icers has triggered extensive 
investigation of alternative approaches such as the use of environment-friendly de- 
icing chemicals. Much of the data reported to date relate to pilot projects conducted 
mainly in the USA, and commissioned by the US Federal Highways Administration 
(FHWA).
' Short ton (US)=0.9072 tonnes (metric tons)
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2.5 Alternative de-icing chemicals
2.5.1 General
Due to extensive research on ice-melting chemicals in the past couple of decades and 
their many different applications, there is currently a multitude of solid and liquid 
road de-icing and anti-icing products on the market. The most common type of de- 
icers used today is the chloride-based de-icers and in particular rock salt, composed 
primarily by sodium chloride (NaCl). It is used so widely because of its low price, 
ease of application, and documented effectiveness.
Although chloride-based de-icers perform well with respect to ice melting, their 
negative impact on the environment and infrastructure has led the industry to pursue 
different methods of winter operations, which could limit or eliminate their use. In 
this context, the emerging, acetate-based de-icing chemicals have been chosen for 
investigation both on-site and in the laboratory by many transportation departments 
and research establishments especially in the USA [29]. This is because there is 
evidence that they could provide a more sustainable solution towards winter 
operations, despite their, currently, high cost.
In the light of these developments, the study presented in this thesis focuses on two 
de-icers from the acetate-based de-icer group and compares them with the rock salt in 
terms of their effects on reinforced concrete. The acetate-based chemicals examined 
herein are:
■ CM A (calcium magnesium acetate), and
■ NAAC (sodium acetate)
2.5.2 Ice-melting mechanism
De-icing chemicals are generally incapable of melting snow and ice in their dry 
(solid) state. They must first attract or encounter moisture to form brine (a 
chemical/water solution). The brine then penetrates down through the ice and snow
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until it reaches the road pavement surface, then spreads outwards melting and 
undercutting the ice and snow for mechanical removal. Even though the same 
chemical behaviour is involved, there are remarkable differences in how de-icers 
work. A basic reason for these differences in de-icing is that some ehemicals take 
longer to go into solution before they can begin penetrating ice and snow. Another 
reason for de-icing action is heat liberation. As they dissolve, some chemicals liberate 
heat, which is known as an exothermic reaction. In addition, the physical form is 
important. For example, pellet de-icers have been found to be more efficient than 
flake de-icers [33].
Generally, it can be said that the performance of a de-icer is determined by its ability 
to melt, penetrate, undercut, and break the bond between the ice and snow. Two of the 
factors that determine the ability of a de-icer to perform these functions are the 
eutectic and effective temperatures of the de-icer. From physics, it is known that the 
eutectic temperature is the theoretical lowest temperature to which the de-icer can 
suppress the freezing point of water [15]. However, this temperature can only be 
reached at the ideal concentration of the de-icer in water. All other concentrations will 
have higher freezing points. Because de-icers become increasingly diluted as they 
melt ice, they remain at their ideal concentration only briefly. Consequently, the 
eutectic temperature has little bearing on real-life de-icing conditions. The effective 
temperature, is the lowest temperature at which each de-icer remains effective, and as 
such, is a much more realistic measure of the de-icing capability of these chemicals 
[34].
2.5.3 Effectiveness of selected de-icers
2.5.3.1 Theoretical effectiveness o f selected de-icers
Table 2.5 displays the eutectic and effective temperatures of the de-icers under 
consideration. It becomes obvious that the effective temperature of sodium acetate is 
much lower than that of the other two chemicals due to the fact that it possesses 
exothermic properties.
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Early observations reported that significantly more CMA is required to achieve ice- 
melting comparable to that achieved by sodium chloride. McElroy et al. [35] report 
that, to achieve the ice-melting performance of rock salt, 1.7 times as much CMA is 
needed. This is also the theoretical ratio. Based on laboratory tests reported in this 
same paper, in order to produce the same ice melting and ice penetration effects as 
rock salt, two to three times as much CMA is required. The authors also claim that the 
performance of CMA is significantly inferior to that of rock salt at lower 
temperatures, which is backed by the findings of Mauritis et al. [36] who report that 
the lowest temperatures that CMA and rock salt can undercut ice are -10°C and -2l°C 
respectively.
EUTECTIC EUTECTIC EFFECTIVE
DE-ICER CONCENTRATION TEMPERATURE TEMPERATURE
(%) (C) (C)
CMA
(anhydrous calcium 32.60 -27.78 -6.67
magnesium acetate)
NAAC
(anhydrous sodium 27.00 -21.67 -15.00
acetate)
Sodium Chloride 23.00 -21.12 -9.44
Table 2.3 Euteetic and Effective Temperatures of selected de-icers [15.161
Site experience gained by the use of acetate de-icers over recent years however, has 
provided a clearer picture with respect to the way that acetate de-icers work and their 
effectiveness in comparison to chloride de-icers [17,31,33,37-39]. The discrepancy 
between the theoretical and the field results is due, as discussed further down, to the 
different way CMA and rock salt work.
2.5.3.2 Field evaluation o f selected acetate de-icers
Field evaluation of the performance of CMA has been attempted in several locations, 
mainly in the United States as part of a programme by the Federal Highway 
Administration of that country and the results have been documented in several
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journal and conference papers, government reports and magazine articles 
[17,31,33,37-39]. Most of these studies were conducted to compare the performance 
of CMA against rock salt. NAAC has not been researched quite as extensively and 
therefore field data are limited.
In contrast to what one would expect based on published laboratory results presented 
previously, discussions by B. Chollar and by Walters in 1987 [35], of the above 
mentioned 1987 paper by McElroy et al. [35], point out that such results are in 
conflict with field results. In there, the ratios of the application rates of CMA and rock 
salt used to achieve the same ice-melting performance, were 1.19 on highways, 0.95 
on low traffic roads, and as low as 0.73 on the urban streets of Massachusetts. This is, 
mainly, due to the difference in the methods, and timing, of application of CMA and 
the different way it acts to melt ice. [38].
A 1988 article by Chollar [37], concludes that the findings from trials of CMA in four 
different locations, namely Wisconsin, Massachusetts, Ontario and California during 
the winter of 1986-87 at temperatures between -4°C and 0°C, indicated that, on 
average, the application rates of CMA had to be 1.4 to 1.6 times the rates of rock salt. 
However, due to some residual effect of the acetate de-icer, fewer applications were 
needed for each snowfall, so in the end, for most snowfalls, 1 .1  to 1 .2  times more 
CMA was used than rock salt. It is observed that this de-icing effect on the deck of 
bridges was also maintained from snowfall to snowfall. It was also evident that, 
although at higher temperatures the two chemicals required comparable time to clear 
the pavement, as temperatures fell, CMA took longer to act, often requiring 30-40 
minutes more than rock salt. It has be noted, however, that in these field evaluations, 
the timing for the application of the two chemicals was the same, so CMA was used 
as a top-down de-icer, which is not its most efficient method of use.
Harrach and Wyatt [31] in a 1990 article, whieh reviews the performance of CMA 
against that of rock salt at the Zilwaukee Bridge near Saginaw, Michigan, at Lincoln 
and Norfolk, Nebraska and in Denver report that in the relatively temperate climate of 
Massachusetts, 30% to 40% less CMA than rock salt was required to aehieve the same 
level of service. Comparable amounts of the two chemicals were used in colder 
Saginaw, Michigan. The report goes on to say that in the even colder Alberta more
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CMA was needed than salt without, however, specifying the exact ratio. The authors 
recognise the importance of the timing of application of CMA, which should be 
applied early in a snowfall as it functions most effectively when deployed as a 
bottom-up de-icer.
A 1993 report by Harris et al. [33] compares the performance of rock salt and CMA in 
the Lake Tahoe Basin, Nevada, during the winter of 1990; eleven snowfalls were 
monitored. It is significant to mention that during this evaluation CMA was used as a 
top down de-icer, a method, which evidently prevents it from performing to its full 
potential. CMA and salt were found to have similar clearing times. However, due to 
varying snowfall conditions (and the fact that rock salt was mixed with sand), it was 
difficult to come to definite conclusions on the comparative rates of application 
between CMA and rock salt in order to achieve the same results. Harris et al. also 
recognise that CMA acts differently from rock salt.
The Zilwaukee Bridge near Saginaw in Michigan has, since its opening in 1988, used 
CMA as its sole de-icing agent. Reviews of the performance of the de-icer [17,39], 
after several years of use, and optimisation of application procedures, indicate that 
that the application rates per mile of this de-icer are the same as if rock salt were used. 
The experience gained from this bridge has also highlighted, how crucial the timing of 
the application of CMA de-icer is. Characteristically, it is mentioned that if CMA is 
applied after ice forms, it will take around 20 minutes longer than rock salt to melt it 
[17]. It has also been observed that, contrary to the laboratory tests, CMA seems to 
work at lower temperatures with fewer tendencies to refreeze when temperature 
drops; it also seems to have a residual effect, which results in fewer applications. It 
sometimes has to be applied once during a 12-hour period compared to two or three 
for rock salt. This could also be due to the residual effect that CMA seems to have on 
the road surface as liquefied CMA and pellets stick on the road surface minimising re­
freezing and early morning deck icing [17]. Thus, winter-long application rates of 
CMA are less than what the applications of rock salt would have been. Similar 
observations, and optimisations, have been made in California, where CMA has been 
in use since before 1991 [40].
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A common finding of those field studies is that CMA works differently from the 
sodium chloride-based rock salt that has been used traditionally. From the above it is 
established that CMA prevents snow pack when applied early in a snowfall, forming a 
fluffier, drier snow-pack easy to remove by ploughing or by passing traffic, while 
sodium chloride produces a wetter and heavier snow-pack. A study conducted in 1993 
[33], attributes the form of the CMA-treated snow-pack to the ability of the calcium 
acetate and the magnesium acetate to dissociate from the CMA compound and form 
independent hydrates.
The downside to early application is that, if it is applied before the snowfall, it runs 
the risk of being blown away by traffic due to its low density. If applied late, it may 
be slower acting, taking longer to act than rock salt [17]. The reason for this slower 
rate of ice melting arising from the use of CMA, as another study [41] observes, may 
due primarily, to the tendency of the CMA crystals to be buoyed up in their solution.
This may have resulted in the observed longer times that CMA needed to act when 
applied on top of the snow pack rather that before the snowfall. This different manner 
of de-icing was interpreted by early users as inferior performance, which in turn 
resulted in heavy CMA applications. However, with proper training in the application 
of the specific product, optimisation of the application processes and proper timing, 
the winter-long application tonnage of CMA required can be less than that of rock 
salt. Hence, although the application rates presented in Figure 2.7 seem to be higher 
for CMA than for salt, the winter-long usage rates for CMA and rock salt are 
comparable, as shown in Figure 2.8. In addition, CMA can work at lower 
temperatures [17] as the “dry meal” formed gets worked by passing vehicles and due 
to a marked heat of solution of the anhydrous CMA [41].
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Figure 2.7 Application rates of NaCL NAAC and CMA at different locations in the 
USA and Canada in order to achieve comparable de-icing effects between 1986-1989 
[34,371.
The commercial use of sodium acetate in practice is still at its first stages and so, 
“optimum” application rates have not yet been properly documented, and very few 
field evaluation studies have been conducted. As can be seen in Figure 2.7, in Aspen 
in the USA, NAAC is used due to its ice-melting and environment-friendly 
characteristics [42,43]. It is applied at 58 kg/lane-km mixed with a larger quantity of 
chipped rock [34]. This application rate is lower than the applications rates of rock 
salt and CMA documented for Massachusets, Ontario, Nebraska and the Zilwaukee 
bridge in Michigan. The recommended application rates’ ranges according to a more 
recent UK study [44] are, 20-40g/m^ for CMA, 15-25g/m^ for NAAC and 10-40 give? 
for rock salt. The study concludes that NAAC performed more satisfactorily than 
CMA.
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Figure 2.8 Winter-long usage of NaCl and CMA at different locations in the USA and
Canada in order to achieve comparable de-icing effects between 1986-1989
[31.33.381.
2.5.4 Effects of selected acetate de-icers on concrete
2.5.4.1 Corrosiveness o f selected acetate de-icers towards concrete 
reinforcement and other metals
A  number projects have been undertaken in order to assess the effects of CMA on 
concrete reinforcement and other structural metals, as part of the effort of the Federal 
Highway Administration of the United States to identify a likely candidate for the 
replacement of sodium chloride in winter operations [29]. The corrosiveness of 
sodium acetate (NAAC) however, has not been so widely investigated as the research 
funds were allocated primarily for the evaluation of CMA. Thus, there is little 
literature on the effects of NAAC on embedded steel reinforcement and structural 
metals.
With respect to the corrosiveness of CMA, a paper published by the Michigan 
Department of Transportation [45] deduced that prestressing steel strands immersed in 
NaCl solutions experienced 4 to 15 times more corrosion extent than identical 
specimens immersed in CMA solutions designed to have the same freezing point. The 
CMA solutions used, had concentrations of 3.5% b.w. and 6.125% b.w. and the
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temperature was kept in the range of 46°C-49°C in order to accelerate corrosion and 
make differences in the results more apparent. However, “accelerated” rates may not 
necessarily yield results that reflect real-world performance. This paper formed part of 
a more far-reaching study which examined the effects of CMA on bridge structural 
metals and road-side objects in general, which found similar results for other metals 
commonly encountered on bridge structures. The study also concluded that mixtures 
of the two materials produced results comparable to the ones produced by the CMA 
solutions down to at least a 0.46 CMA/NaCl weight ratio (and possibly down to 0.11)1 
In fact, the study reports that the CMA/NaCl mixes performed similarly to NaCl/rust 
inhibitor mixes.
Ushirode et ah further investigated this last claim in a study which measured 
corrosion rates of steel wire embedded in mortar cylinders at 25°C [46] by observing 
that corrosion can be inhibited by mixing 0.05 M to 0.2 M CMA and 0.1 M NaCl. 
This is in line with the observations above as the reported 0.46 CMA/NaCl weight 
ratio corresponds to about 0.05 M CMA added to 0.1 M NaCl. The same results were 
observed for NAAC. However, even concentrations of CMA or NAAC as high as 1.0 
M admixture did not prevent depassivation when the concentration of NaCl was 0.2 
M. Thus, CMA and NAAC can act as corrosion inhibitors only within certain limits of 
the concentration of NaCl present and they are only marginally effective compared 
with well known inhibitors such as sodium nitrite. However, both CMA and NAAC 
were deemed to be non-corrosive when used by themselves.
This result is supported by a 4-year long study, which found that ponding on 
reinforced concrete slabs with CMA solutions [47] produced no corrosion, in stark 
contrast to the heavy corrosion and subsequent cracking of the concrete produced by 
ponding with NaCl solutions. The authors used 3% b.w. and 5% b.w. aqueous CMA 
solutions in their investigation and they identified corrosion by measuring the rest 
potential of the embedded steel and also by visual inspection of corrosion-induced 
cracking in the concrete.
A 15-month study conducted in Oklahoma, USA, by C. Locke [48], indicated that 
although CMA solutions ponded on chloride-contaminated reinforced concrete slabs 
were not able to passivate the reinforcement, the same solutions did not cause any 
corrosion on reinforcement embedded in uncontaminated concrete slabs. However,
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the study, based on electrochemical potentials of rebar in simulated pore solutions and 
embedded in mortar cylinders soaked in CMA solutions, concluded that CMA may 
have the potential to attack the concrete. The authors speculate that this could be 
attributed to a lowering of the pH of the pore solution by CMA, which leads to 
depassivation of the steel. Several different CMA concentrations were used; varying 
from 0.5% b.w. to 10% b.w. However, corrosion of the steel was not confirmed by 
breaking up any of the cylinders and the authors admit that no corrosion was observed 
in the samples the pore solutions containing CMA except where chloride content 
exceeded 0.6%. It should be noted that results from simulated pore solutions bypass 
the effects of the complex microstructure and pore system of concrete, and are 
therefore, not reliable when diffusion is the controlling mechanism. Locke and Boren 
present similar results and conclusions in a 1987 paper [49]. Their conclusions are 
also published along with a general review of CMA as a de-icer [50].
The corrosion inhibiting possibilities of CMA, and the degree of its ability to prevent 
corrosion in steel embedded in chloride-contaminated concrete, were examined by the 
FHWA and the findings were published in a 1996 report [51]. During the course of 
this study, steel bars embedded in concrete were immersed in CMA and other de-icer 
solutions containing proprietary corrosion inhibitors commonly used in concrete. The 
CMA outperformed the other inhibitors as demonstrated by the electrochemical 
impedance spectroscopy (EIS) measurements over a period of 11 months. It was 
suggested that CMA had had a passivating effect on the rebar.
The corrosiveness of CMA towards steel was evaluated by Kennelley and Locke [52] 
for several CMA concentrations between 0.5% b.w. and 20% b.w., through 
polarisation scans of steel samples immersed in these solutions. The authors observed 
that at concentrations below 5% b.w. of re-agent grade CMA and at all concentrations 
of commercial grade CMA that were used, steel is susceptible to pitting at passive 
potentials. They also noted that as the concentration of CMA increased, corrosion 
rates decreased. Kennelley and Locke [52] obtained this data from work by Kennelley 
[53], who also conducted weight loss tests over a period of 14 to 17 months and 
concluded that CMA causes 2 to 5 times less corrosion than NaCl.
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Similar conclusions were drawn D.Slick [54], who reports that CMA solutions did not 
induce weight loss, or any type of corrosion of the automotive metals used in his 
study. He used 1% b.w. and 6 .8 % b.w. CMA solutions with a Ca/Mg molar ratio of 1.
Practical experience from the use of CMA on highway bridges indicates that it does 
not contribute to corrosion of the reinforcement. A 2006 report by the Michigan 
department of Transportation asserts that the reinforced concrete Zilwaukee bridge, 
since its completion in 1988, has only been de-iced with CMA and showed no signs 
of reinforcement corrosion at the time that the report was written [55].
Similar studies have not, however been conducted for NAAC, and as a result, little is 
known about its corrosiveness with respect to concrete reinforcement. Nonetheless, 
NAAC complies with SAE standard AMS 1431 [56,57], regarding its suitability for 
use on runways, and is deemed non-corrosive. The existing literature agrees that it is a 
non-corrosive agent.
The general conclusions from the existing literature on the corrosiveness of CMA and 
NAAC could be summarised as follows:
■ CMA is less corrosive towards steel, whether embedded in concrete or otherwise, 
than NaCl.
■ When used as a mixture with NaCl, CMA may inhibit, or delay, the onset of 
corrosion, but its effect is limited to low NaCl content.
■ There some evidence to suggest that CMA can act as a corrosion inhibitor and can 
passivate steel in chloride-contaminated concrete.
■ CMA may lower the pH of the pore solution of concrete therefore compromising 
the passive layer of the reinforcement. However, the evidence to support this 
claim is limited.
2.5.4.2 Effects o f acetate de-icers on the cement matrix
Several studies have been carried out over the past two decades with respect to the 
effects of CMA de-icers on the properties of concrete in contact with the de-icer in
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question. In some cases, contradictory results have been recorded for similar kinds of 
tests by different researchers. This is thought to be mainly due to the diversity of 
conditions under which those experiments were undertaken in the absence of standard 
test methods for the impact of de-icers on concrete. An additional complication is that 
CMA can react with concrete in various ways, depending on factors such as the 
ambient temperature, the Ca/Mg molar ratio of the CMA, the concentration of the 
CMA solution, the concrete mix design, the cement composition, the presence of 
possible admixtures, and the type of aggregates etc. There have been attempts to 
standardise test methods for the detection of de-icer interaction with concrete [58], but 
no standards currently exist. As a consequence, the results from these studies cannot 
be compared directly. Nonetheless, they do offer an indication of the mechanism that 
governs the changes, which take place in concrete microstructure as well as in the 
composition of the CMA solution when these come in contact.
A study by Santagata & Collepardi [59] examined the effects of saturated CMA 
solutions (25% wt) on concrete specimens. The authors recorded severe deterioration 
of concrete after 8  months of continuous immersion in those solutions at a 
temperature of 20°C. They also noted that the deterioration was mitigated by the use 
of slag cement. A similar mitigation phenomenon had been observed in a previous 
study by the same authors, in fly-ash-containing specimens [60]. This led the authors 
to conclude that the aggressive effects of CMA solutions are related to leaching of 
calcium hydroxide from the specimens; the inclusion of slag or fly-ash possibly 
mitigated the deterioration because these materials lead to consumption of Ca(0 H)2 
and production of a less permeable concrete. It was also observed that the destructive 
effeets of CMA solutions were mitigated with lower temperatures and lower W/C 
ratios. The authors have also found the Ca/Mg molar ratio of 0.43 to be the most 
destructive. A 2007 laboratory study by Drame et a l [61] also found evidence that 
suggests that CMA may have a “leaching-dissolution” effect on cement paste.
The role of the Ca/Mg molar ratio was also part of the focus of another study by Lee 
et ah [62]. The authors found, in a study which involved cyclical wet/dry and 
freeze/thaw testing, that CMA appeared particularly destructive via the formation of 
expansive brucite (magnesium hydroxide) formed by means of the reaction between
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caleium hydroxide and magnesium acetate, as shown in equation 2.5 [63], and non- 
cementitious M-S-H.
Ca(OH>2 + Mg(CH3C0 0 )z ^  Mg(OH)2 + Ca^+ + 2 (CH3COO)' (Equation 2,5)
They noted that the lower the Ca/Mg molar ratio, the greater the damage, highlighting 
the role of the magnesium ion in CMA-induced concrete deterioration. The study also 
observed that pre-existing ettringite was decomposed due to the formation of brucite, 
as the latter consumed OH ions and lowered the pH beyond the region of ettringite 
stability. It has to be noted however that the freeze/thaw experiments in this study 
were conducted between temperatures of 58°C and -4°C, while the wet/dry 
experiments were conducted between temperatures of 58°C and 25°C. These 
temperatures fall well outside the range normally encountered on roads that would 
require de-icing. High temperatures are often used as a means of accelerating 
reactions rates, but, as mentioned previously, the “accelerated” rates may not yield 
results that reflect the results in the real world.
Figure 2.9 below, illustrates the findings of Lee et ah with respect to the effects of 
CMA on the cement matrix. The authors’ interpretation of their illustrated SEM 
results is that M-S-H replaces C-S-H in many locations and potentially expansive 
brueite forms in air voids and in the paste-aggregate interface. Calcium ions released 
from the formation of M-S-H precipitate as calcite in air-voids and interstitial zones 
and possibly exert crystal growth pressure. These findings and interpretation of the 
mechanism of CMA-induced concrete deterioration are also consistent with previous 
research from the same institution on other magnesium-containing de-icers [64].
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Figure 2.9 SEM image of concrete treated with CMA from Lee et a l [621
This observation that the damage increased with lower Ca/Mg ratios is also supported 
by a paper published by O. Peterson in 1995 [65], which also documents that CMA 
solutions are more destructive at higher temperatures. However, Peterson’s study used 
two different molar ratios of CMA, both of which are rather high compared to the 
ones encountered in the relevant literature; namely 1.26 and 0.91. The investigation 
recognised that deterioration increased with higher temperatures, and with higher W/C 
ratios. It is also observed that in some cases dilute solutions of CMA had a greater 
effect on compressive and flexural strength of cement mortar specimens than 
concentrated solutions. The author goes on to speculate that this could be due to the 
fact that most of the magnesium in the solution is being consumed in the formation of 
Mg(OH)2 (brucite), and thus, the solution ends up comprising mostly calcium acetate, 
which he considers especially deleterious to the strength of concrete. This claim 
however, was not supported by tests, conducted by Lee et a l [62], who found calcium 
acetate to be much less destructive than CMA and magnesium acetate. Peterson 
further theorises that as CMA comes in contact with the paste, magnesium ions are 
lost and precipitate as brucite, and the solution becomes mostly calcium acetate [6 6 ], 
which in turn, possibly reacts with portlandite to form a double salt, which may be 
responsible for the expansion observed. The study also mentions the observed layer of
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brucite forming on the surface of specimens in contact with CMA which, may be 
acting as a lubricant during compressive strength test and may be changing the system 
of forces, thus leading to results indicating reduced compressive strength. However, 
this claim is not substantiated adequately. A discussion of this investigation [67] 
points out that the experiments that lead to concrete deterioration by CMA solutions 
use conditions (temperature, solution concentrations), and test methods such as 
wet/dry cycles, that are, in fact, unattainable in the field. Thus, CMA use would not 
pose any real danger to the cement matrix of concrete structures in the way that it is 
normally used.
A very recent study [6 8 ], which tested the effects of CMA with a Ca/Mg molar ratio 
of 4:6 on the physical properties of concrete specimens through wet/dry cyclical 
exposure of up to 95 weeks, also concluded that CMA is particularly destructive. The 
authors noted that the solutions with the higher of the two concentrations (23.62% 
b.w. or 6.04 molal ion concentration) was more destructive than the other solution 
(5.12% b.w. or 1.06 molal ion concentration) which is consistent with earlier 
observations mentioned above. Again, it has to be noted that the temperature during 
the dry cycles was 38°C±2, which may have played a part in accelerating the 
deterioration.
Santhanam et a l [69,70], in their investigation of the effects of magnesium sulphate 
on concrete, speculate that under the observed layer of brucite on the surface of 
concrete specimens, expansive products may be forming such as ettringite and 
secondary gypsum. These products, through expansion, could be breaking down the 
brucite layer, thus facilitating the ingress of magnesium ions and the formation of 
non-cementitious M-S-H. Although magnesium sulphate is an altogether different 
magnesium-containing substance, certain parallels can be drawn between the above 
and the attack caused by CMA solutions. More specifically, potential calcite growth 
either by released calcium ions from C-S-H replacement by M-S-H, as theorised by 
Lee et a l, or by diffusion from the solution may be breaking down the brucite layer, 
therefore, allowing M-S-H formation. Santhanam et a l also observe a number of 
significant points: First, that the attack is more severe with higher temperatures and 
concentrations due to the higher diffusion rates; second that surface brucite limits the 
diffusion of aggressive ions and that the thicker the layer of brucite, the more
43
Chapter 2: Literature Review
protective; third, that pozzolanas (due to their consumption of calcium hydroxide), 
allow thinner brucite layers to be formed on the surface of concrete and thus make the 
latter susceptible to diffusion. However, with regard to the last point, the inclusion of 
pozzolanas often leads to a more impermeable matrix, which compensates for the 
reduced thickness of any brucite layer that forms.
Air entrainment in the concrete may mitigate the negative effects of CMA in the 
paste, as demonstrated by Nadezhdin et ah [71], who found CMA to be the least 
destructive among a number of de-icers after 100 freeze/thaw cycles. The de-icer by­
weight concentrations of all solutions used was 4%. Only water caused less spalling 
than CMA. CMA also performed best in the weight loss tests, where no weight loss 
was observed after 5 freeze/thaw cycles of small cubes; in contrast, NaCl, sodium 
formate, urea and calcium chloride caused significant weight loss.
D. Slick [54], who studied the effect of CMA on a number of materials used in 
highways and automobiles, found that immersing the various materials 1 % b.w. and 
6 .8 % b.w. CMA with a Ca/Mg molar ratio of 1, was more benign to concrete and 
asphalt than de-ionised water or a 4% b.w. solution of NaCl, where some scaling 
occurred. The high Ca/Mg ratio may explain the particularly benign behaviour of 
CMA.
In general, most of the literature seems to agree on the following points:
■ Leaching of calcium hydroxide from the paste occurs, which is demonstrated by
the fact that concrete deterioration is mitigated in specimens containing
replacement materials, which consume Ca(0 H)2 and reduce permeability.
■ Brucite is formed on the surface of specimens but may also be observed in air
voids and interstitial zones between paste and aggregate. Brucite, being insoluble
and tightly bound, when formed on the surface of concrete, acts as a protective 
layer, hindering the diffusion of ions from the surrounding solution into the 
concrete.
■ C-S-H in concrete may be replaced partly by with non-cementitious M-S-H as a 
result of the contact of concrete and CMA.
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■ Formation of calcite in the air voids and interstitial zones by the calcium ions 
released due possibly to the by released calcium ions from C-S-H replacement by 
M-S-H,
■ Increase occurs in the Ca/Mg molar ratio of the CMA solution after it comes in 
contact with concrete specimens as insoluble brucite and M-S-H form.
■ Higher temperatures seem to have a detrimental effect on the cementitious matrix,
■ Lower Ca/Mg molar ratios of the CMA appear to make it more destructive 
towards concrete.
■ Higher concentrations of CMA solutions have a deleterious effect, although some 
conflict exists on this matter, [65].
■ When air entrainment is employed CMA is benign to concrete.
■ Despite the demonstrated aggressive nature of CMA solutions, the above 
laboratory investigations used conditions unlikely to be encountered in the field. 
These included high temperatures, aggressive exposure regimes, high 
concentrations and others. Thus, the real world impact of CMA on concrete 
structures remains unproven.
2.5.5 Environmental effects of selected de-icers
Basic environmental considerations regarding road de-icers are their effects on soil, 
water quality, air quality, flora and fauna. Several studies have been conducted to this 
end and they have found CMA and NAAC to be environmentally low-risk de-icers 
eompared to the chloride-based ones. More specifically, CMA has been found to be 
beneficial to soil and harmless to vegetation. Certain concerns are expressed, mainly 
regarding the possible future effects of the acetate-based de-icers on surfaee waters 
and treatment ponds [16]. However, practical application of both CMA and NAAC 
has indicated no such effect [42,43,72,73]. A 2007 report, which evaluated de-icers, 
based on a number of variables, including ice-melting, environmental and 
infrastructure effects and cost, ranked CMA as the preferred choice where there are 
environmental and infrastructure concerns [74,75]
A summary of the conclusions of some notable studies carried out is presented in 
Table 2.4 below.
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DE-ICER EFFECTS ON 
SOIL
EFFECTS ON 
FAUNA AND 
FLORA
EFFECTS ON WATER 
QUALITY
EFFECTS 
ON AIR 
QUALITY
Potentially Salt spray causes Sodium and chloride No adverse
damaging. leaf bum. ESP concentrations in water effects
Exchangeable higher than 4 kills supplies often higher than the reported.
Sodium Percentage some species. standards set by health
(ESP) more than 13 0.5% organisations [76]. Increased
(toxic) [76]. concentration of salinity in small streams [34].
increase soil chloride in plant
salinity decrease tissue will result to
soil stability, and plant death [76].
„  ™ can mobilize trace 
 ^ metals from soil to
Browning, falling
leaves, stem
water [34]. dieback, stunted or 
abnormal growth, 
premature death. 
Effect more 
apparent on grass 
rather than trees 
[16]. Attracts 
wildlife to roads 
[34].
CMA
Beneficial by 
increasing the pH 
and decreasing the 
solubility of trace 
metals. No upper 
limit defined 
[72,73,77]. Some 
potential for 
oxygen depletion in 
soil [34]but not 
enough evidence to 
this end.
No apparent 
adverse effect by 
spraying. Plants 
can withstand root 
exposure of up to 
2500mg/l [76,78]. 
More toxic to 
aquatic algae than 
chloride de-icers, 
and more likely to 
cause chronic toxic 
effects to aquatic 
invertebrates than 
chloride de-icers 
[34].
Biodegradable. No effects to 
water biota. It is better if the 
dilution rate is more than 
100:1, [77]. It could cause 
eutrofication due to high BOD 
when re-aeration of waterways 
is limited by ice cover or in 
poorly flushed ponds [16]. It 
could significantly increase 
organic loading in treatment 
works when used in urban 
environments, [77]. Despite 
concerns about BOD and DO 
levels of receiving waters 
practical experience has 
recorded no adverse 
effects[79]. Increase of organic
Some dust 
reported 
from the use 
of CMA on 
site
[33,37,81]
May decrease soil No reports on Despite concerns about BOD No reported
stability [34] vegetations; low and DO levels of receiving adverse
toxicity to aquatic waters [34] practical effects from
NAAC organisms [34]; experience in Aspen and 
Snowmass, Colorado, USA, 
has recorded no adverse 
effects [42,43].
experience 
on site [42]
Table 2.4 Environmental effects of selected de-icers
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2.5.6 Economics of replacement of rock salt with acetate de-icers
The financial implications of winter salting with chloride-based de-icers was outlined 
in section 2.4 above. One of the questions that TRB report 235 [29] addresses is 
whether the costs inflicted by de-icing could be translated into savings by a switch to 
less corrosive de-icers. In considering the economics of rock salt replacement by 
CMA the Transportation Research Board (TRB) committee concluded that many of 
the incurred costs are not fully or easily quantifiable. However, they found it unlikely 
that a complete replacement of the currently used de-icers would yield economic 
benefits. As a consequence, the committee members recommended that, until further 
data is available, the use of CMA should be restricted to corrosion prone structures, 
such as highway bridges and overpasses.
Thus, one of the drawbacks of CMA and NAAC is their high cost. A review of the 
available literature suggests that CMA is 17 to 28 times more costly than rock salt\ 
purely on a cost per weight basis [17,29,31,34,82], and NAAC as being in the same 
price range as CMA^. Other drawbacks include its lower bulk density, which implies 
larger required storage spaces, and therefore more applications [29]. McE[roy et al. 
estimate that if the application rates of CMA were to be around two and a half times 
the application rates of rock salt, then a complete substitution of rock salt by CMA 
would cost five to six times the benefit expected from the elimination of corrosion 
[35]. TRB report 235 , using similar data arrived to the same conclusions [29]. 
However, as seen before, through fine-tuning of operations specifically designed to fit 
CMA, the application rates required over the winter season would be comparable to or 
even less than the ones for rock salt [17]. Moreover, McElroy et al. are estimating the 
social cost^ of salting to be around US$300 per ton"^  of road salt while recent studies 
place it closer to three times that value [32]. Even so, CMA would still be an 
expensive choice if used as an across-the-board substitute. It is currently being used 
on corrosion prone structures and areas of environmental significance. Thus, bringing
’ TRB report 235 [29] puts the price of CMA at 20 times the price of rock salt 
 ^For the purposes of this study, the materials were bought in 2003 at the prices of US$ 4 per kg CMA 
(purchased from Cryotech, USA) and US$ 2.2 per kg NAAC (purchased in the UK) due to the limited 
amounts purchased. A study conducted in the UK in 2005 [44], places the price of NAAC at £1400 per 
tonne, the price of CMA at £600 per tonne and the price of rock salt at £25 per tone.
 ^Social cost includes lost productivity, due to traffic delays taxation for repairs and other indirect 
implications of salting
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down the cost of the material would be a substantial move towards making it the de- 
icer of choice for more users.
To this end, after the TRB study [29], the U.S. FHWA, in cooperation with a number 
of state highway agencies, sponsored two studies to examine possible routes forCMA 
production at a lower cost . One of them, undertaken by Bioengineering Resources 
Inc. developed a process for producing CMA from fermentation and gasification of 
domestic waste, while the other one by Ohio State University developed a process for 
the production of acetic acid through cheese-whey fermentation [83]. The projected 
costs of the products were between US$200 per ton and US$328 per ton and could 
thus, decrease the cost of CMA production down to 20% its current price [84]. Both 
products, performed well in terms of corrosion induced on metals and they exhibited 
the same corrosion inhibiting properties as currect, commercially available, CMA. 
Environmentally they contribute towards the solution of waste disposal problems as 
they are produced by waste [84]. The cheese-whey fermentation process, which 
produces acetic acid, can be used to lower the production costs of NAAC since the 
latter is the product of a reaction involving this particular acid. Other processes have 
been suggested for alternative production of CMA, such as biofermentation of woody 
biomass [85], production from com and grain [8 6 ] and others [16]. The projected 
savings arising from alternative production provide the basis on which, CMA and 
NAAC could become competitive in the de-icer market.
In conclusion, it would be seen that a combination of appropriate winter operation 
practices (customised for the use of acetate de-icers), and more cost-effective 
production methods, could yield economic benefits, in terms of corrosion elimination 
and its costs, and environmental gains.
2.6 Summary
Having reviewed the literature in terms of the performance, effects and financial 
implications of chloride and alternative de-icing chemicals it can be said that:
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De-icing with chloride-based de-icers comes at a social cost, which includes costs 
inflicted by corrosion-induced deterioration of structures and vehicles, lost 
productivity due to closed roads for repair, environmental damage and other 
associated costs.
CMA and NAAC are currently 17-28 more expensive than rock salt, but appear to 
offer an environmentally friendly alternative to rock salt. It is arguable that they 
can yield financial benefits through corrosion elimination that can out weigh the 
high cost of purchase. Alternative methods of production of these chemicals could 
make them particularly competitive.
CMA was identified by the U.S. FHWA as the most likely candidate for a rock 
salt substitute and a significant number of studies were funded. In comparison, the 
literature on NAAC is limited to site experience from the few locations where it is 
used as the principal de-icer.
The studies on CMA use very diverse testing environments and methods and each 
one focuses on very specific aspects of its behaviour, e.g. corrosion behaviour 
towards steel strands or cement paste deterioration. This makes the results of those 
studies difficult to correlate.
There are several conflicts in the literature surrounding the de-icing performance 
of CMA. This appears to be due to the fact that the way it works (to melt the ice) 
is still not well understood by many
There are also conflicts in the literature on the effects of CMA on steel and 
concrete due to the diverse conditions under which it was tested, and due to the 
different types of CMA used. There are, however, lessons to be learnt by the way 
different types of CMA performed
There is no single study, which examines the effects of CMA or NAAC on 
reinforced concrete as a system, by examining the effects on the cement paste and 
the reinforcement, through the use of the same specimens and exposure regimes, 
so that a correlation between the results can be made.
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3.1 Introduction
In this chapter, details are given with respect to the materials used for the manufacture 
of the laboratory specimens used in this project. The materials used, their composition 
and some of the properties they bestow on the finished concrete and paste samples are 
outlined. The materials discussed in this chapter, which both conform to BS EN 197- 
1 : 2 0 0 0  [1], are:
i. PC
ii. Silica Fume, frequently termed microsilica
Before the commencement of any casting or tests, the water absorption of the 
aggregates was determined in accordance with BS 812 : Part 2 : 1995 [2]. Aggregates 
used for the production of all mixes were alluvial river gravels of 1 0 mm maximum 
size whose water absorption was found to be 3.16% and siliceous sand with water 
absorption of 1.86%. The water used for testing was tap water from the Guildford 
water supply.
3.2 PC
The basic component of the concrete and binder paste mixes used in this study was 
Portland Cement (PC), the hydration process and general chemistry of which have 
been covered in Section 2.2.2 of Chapter 2. The development of strength of PC is the 
result of the hydration of calcium silicates, although other chemical compounds such 
as aluminates also play a role.
BS EN 197-1:2000 [1] states that : “Cement is a hydraulic binder, i.e. a finely ground 
inorganic material which, when mixed with water, forms a paste which sets and 
hardens by means of hydration reactions and processes and which, after hardening, 
retains its strength and stability even under water”.
- 57 -
Chapter 3: Materials Used
In this study, Portland cement, from a single batch, was used for casting all specimens 
for all types of experiments conducted. The purpose of this was to eliminate variations 
in the test results due to different cement compositions. Table 3.1 below shows the 
chemical composition of the Portland cement used.
Oxide Percentage (%)
SiOz 20.62
AI2O3 5.02
FezOg 2.50
CaO 65.24
MgO 1 .1 1
SO3 2.85
KzO 0.56
NazO 0 . 2 0
NazO Equivalent 0.57
Free CaO 0 .8 6
Loss On Ignition 1 .2 0
Table 3.1 Oxide analvsis of the Portland cement used^
In the case of the concrete specimens manufactured for the corrosion experiments, 
with no cement replacement materials, two mixes were produced; one “good” quality 
PC concrete with a W/C ratio of 0.4 and one “poor” quality PC concrete with a W/C 
ratio of 0.65. The purpose of this was to provide an indication on how varying the 
W/C ratio can impact the corrosion-related effects of the de-icers under investigation.
Differences in corrosion behaviour could be due to the reduced permeability and total 
porosity expected of the mix with the lower W/C ratio. They could also be due to 
differences in the relative quantities of the chemical constituents of the hardened 
mixes. This was further examined by means of a microstructural investigation 
comprising several tests, along with physical properties’ tests, as described in Chapter 
5, on the effects of the de-icers on cement paste samples with a W/C ratio of 0.4 only. 
This was because samples with a W/C ratio of 0.65 were difficult to cast consistently, 
at least in the absence of a high shear mixer, which could produce a paste that would 
not bleed and potentially set more rapidly.
* Provided by the supplier
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3.3 Silica Fume
The silica fume used in this study conforms to BS EN 197-1:2000 [1]. It originates 
from the “reduction of high purity quartz with coal in electric arc furnaces in the 
production of silicon and ferrosilicon alloys”, and its particles are very fine and 
spherical. It is composed by, at least, 85% by weight of amorphous silicon dioxide. 
Silica fume particle sizes usually range between 0.1-0.2pm. Due mostly to its fineness, 
it tends to agglomerate and therefore, care needs to be taken to mitigate this effect 
while mixing with cement [3].
In fresh concrete, the addition of silica fume is known to increase cohesiveness and 
reduce bleeding, but increases the risk of plastic shrinkage. In hardened concrete it is 
known to reduce the permeability mostly by changing the pore size distribution and 
pore interconnectivity rather than by reducing the total porosity of the mix [4].
In this study, silica fume from a single batch was used. The purpose of this was to 
eliminate variations in test results due to changes in composition. Silica Fume was 
used as a 10% by weight replacement of PC in half of the specimens manufactured. 
Thus, for every concrete or cement paste specimen cast, irrespective of W/C ratio, 
another was manufactured with the same W/C ratio but with 10% silica fume. Thus, 
two silica fume-containing mixes were designed; one with a W/C ratio of 0.40 and 
one with a W/C ratio of 0.65.
The purpose of using silica fume in this study was to compare its performance with 
that of PC specimens in contact with the same de-icers. Moreover, the addition of 
silica fume in cement paste specimens offered an opportunity to compare the manner 
in which the de-icers under investigation impact microsilica-containing paste as well 
as pure PC cement paste.
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AND EXPOSURE
4.1 Introduction
In this chapter, details are given with respect to the design and manufacture of the 
laboratory specimens used, along with the test methods and equipment used. The 
main objectives are:
i. To present a comprehensive description of the mix design, and the 
manufacture, of the reinforced concrete specimens used in the corrosion 
measurement experiments.
ii. To detail the design, and manufacture, of the cement paste specimens used in 
the investigation of: a) the changes brought about in the microstructure of the 
paste; and, b) effects on the physical properties of the hardened paste due to 
the subsequent contact with the de-icer solutions used in the corrosion 
measurement experiments.
iii. To detail the design, and manufacture, of the specimens used in the physical 
property tests of the hardened binder
iv. To specify the rationale behind the design of the specimens, choice of 
materials, and manner of manufacture.
4.2 Specimens for Corrosion measurements
4.2.1 Purpose and description
The specimens constructed for this part of the study, were to cover the needs of the 
proposed investigation. The main objective was to examine the effects of aqueous 
solutions of three different de-icing chemicals as they compare to the effects of water 
on corrosion rates of mild steel reinforcement embedded in the concrete. Therefore,
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the main considerations in designing appropriate specimens for corrosion 
measurements of this type, (Fig. 4.1), can be summarised as follows:
i. The basin atop which the various solutions would be ponded should be an 
integral part of the specimen in order to prevent any leakage problems.
ii. All the sides of the specimens except the ponding basin should be sealed in 
order to prevent intrusion of aggressive ionsover the duration of the test 
programme.
iii. The specimens should allow for an investigation of the effect of varying the 
cover depth on time to corrosion initiation and subsequent corrosion rates.
iv. More than one reinforcement bar should be situated, and tested, for corrosion 
at each chosen depth, in order to provide information on the uniformity and 
repeatability of the results. This ensures that data can still be obtained if one of 
the bars demonstrates inconsistent behaviour due to possible irregularities in 
the matrix around it. Furthermore, a second, bar is required in order to 
function as an auxiliary electrode during the Linear Polarisation Resistance 
measurements.
Moreover, mix design and material additives were significant concerns, as varying 
concrete quality and binder composition could yield significant results. The key 
considerations that led to the concete mixes used were the following:
i. High quality and low quality concrete specimens should be 
constructed. These should undergo the same experimental procedure to 
facilitate the assessment of the effect of the W/C ratio on the corrosion 
induced by each one of the de-icers under investigation.
ii. Pozzolanic materials should be incorporated in a second set of 
specimens identical in every other respect to the rest of the samples. 
This enables the investigation of the possible effects of the silica fume 
inclusion on the corrosion of the reinforcement. In addition, it provides 
insight into the mechanism through which de-icers depassivate, and 
subsequently corrode, steel in concrete.
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Thus, small-scale slab specimens (210mm x 330mm 100mm) were manufactured with 
three sets of three reinforcing bars each, Figure 4.1(a). The three sets of bars were 
located at three different depths from the bottom of the ponding basin. Specifically, 
the depths chosen were 10mm, 25mm and 40mm, as shown in Figure 4.1(b). The 
purpose of employing different cover depths was i) to establish the time to corrosion 
initiation, if any, induced by the different solutions at different depths and ii) to 
investigate the effect of the cover depth on the corrosion rates of the reinforcement 
which may, in turn, reveal information regarding the interaction between the de-icer 
and the concrete cover.
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Figure 4.1 Constructional details of corrosion monitoring specimens
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The moulds used for casting these specimens comprised 5 plywood parts covered in 
plasic sheet, as shown in Figure 4.2. The bottom part had a chamfered plate attached 
on top in order to form the basin which would facilitate the ponding of the various 
solutions on top of the specimens. The two longer sides of the moulds had nine holes 
each, in sets of three, at three different distances from the top face of the chamfered 
plate. These distances correspond to cover depths of 10mm, 25mm and 40mm. Each 
of the parts of the mould were covered with polythene sheet in order to facilitate the 
de-moulding of the specimens, preventing the attachment of fresh concrete to 
plywood and the absorption of moisture from the mix. Furthermore, employing 
polythene sheets rendered the use of de-moulding oil unnecessary thus, eliminating 
the possible undesirable interactions of the oil with the concrete surface. Slab 
specimens were selected as they would best imitate the conditions on a concrete slab 
on site. The ponded water would also move through the pores in a similar manner as 
in a concrete slab. Furthermore, this geometry allowed three specimens at each depth 
so that three measurements would be taken and averaged for more reliable results.
Figure 4.2 Finished mould with reinforcement
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4.2.2 Mix Design
The mix design of, the mix with W/C ratio 0.4, and PC binder was designed following 
the requirements of the BRE’s design of normal concrete mixes [2]. For the design of 
the mix with 0.65 W/C ratio and PC binder, all the materials and their quantities were 
identical in every respect to the the first mix, with the exception that the free water 
was increased to achieve a higher W/C ratio of 0.65. Two further mixes were 
designed in the same manner as the first two, with the exception that the binder in 
both was composed of 90% by weight PC and 10% by weight silica fume. Table 4.1 
below, details the design of all four of the concrete mixes used in this study.
M IX l MIX 2 MIX 3 MIX 4
(W/C=0.4) (W/C=0.65) (W/C=0.4) (W/C=0.65)
S  RATIO RATIO RATIO
PC 
Silica 
fume 
Free 
water 
Added 
water 
10mm 
Aggregate 
Sand 
Total
Table 4.1 Design of the mixes used for the manufacture of the corrosion 
measurement specimens
4.2.3 Reinforcement Preparation
The steel reinforcement bars were made from 8 mm diameter mild steel bars. The bars 
were initially cut to a length of 310mm each, and 4mm holes were drilled 
perpendicularly to the length of the bar on one side so that the centre of these holes 
would be located at a distance of 10mm from the edge of the bars. They were then 
degreased with acetone in order to remove any manufacturing grease. Subsequently, 
the bars were stored in a desiccator awaiting the application of protective coating.
450.00 1.00 450.00 1.00 405.00 1.00 405.00 1.00
0.00 0.00 0.00 0.00 45.00 0.11 45.00 0.11
180.00 0.40 292.50 0.65 180.00 0.44 292.50 0.72
46.78 0.10 46.78 0.10 46.78 0.12 46.78 0.12
1099.98 2.44 1099.98 2.44 1099.98 2.72 1099.98 2.72
646.02 1.44 646.02 1.44 646.02 1.60 646.02 1.60
2422.78 5.38 2535.28 5.63 2422.78 5.98 2535.28 6.26
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The protective coating applied on both ends of each bar served the purpose of 
ensuring that an equal area of steel was exposed to the concrete mix on every bar, 
which is important, as for the calculation of the corrosion current density the anodic 
area has to be known. It also ensured that the protruding ends of the bars were 
protected from moisture and aggressive ions and therefore not corroding.
The protective coating was applied by dipping 95mm of either end of the bar thus, 
ensuring an exposed length of 120mm in the middle. The coating comprised initially 
two coats of cement paste with the same binder, and the same W/C ratio, as the 
specimen in which the bars were to be embedded. The bars were dipped to the correct 
length and then left overnight, to allow the cement paste coating to hydrate. This 
process was repeated the following day, and the bars were, again, left overnight. Two 
coats of marine varnish were then applied, also by dipping, to complete the coating 
process. Each one of these two varnish coats, after being applied was left to harden 
overnight. A lathe was then used to remove the excessive paste and varnish from the 
middle 120mm of the steel ensuring that all the bars had an equal exposed surface. 
The bars were then stored in a desiccator until used for casting.
On the day before casting, the bars were placed in the moulds as described above and 
the depth of cover checked. Silicon sealer was used to seal the gaps between the bars 
and the holes of the mould in order to prevent possible leakage of concrete during 
casting. The finished moulds were then left overnight and the samples were cast the 
following day.
4.2.4 Casting and preparation
Standard batching and mixing techniques were adopted, and the same procedure was 
adopted for each mix. The aggregates were batched in an oven-dried state and left to 
soak in the total water of the mix in a sealed plastic bucket for twenty four hours 
before mixing. Before the aggregates were placed in the bucket, the inside surface was 
wiped with a damp cloth.
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A damp cloth was also wiped over the inside of the mixer drum and its blades before 
the batched aggregates and the total water of the mix were placed in the drum, for the 
same reasons. The aggregates along with the water were then placed inside the mixer 
drum and mixed for approximately 30 seconds before the addition of the binder. The 
fresh mix was then mixed for a further two minutes. The mixer used for the 
preparation of all mixes was a Zyklos ZZ30.
The moulds were placed on the vibrating table and filled in three layers each one of 
which was vibrated for approximately one minute, in order to achieve good 
compaction in accordance with BS EN 12390-2:2000: whilst taking care not to cause 
over-vibration and segregation of the aggregates and the paste. The top surface was 
then finished with a float and sealed with a polythene sheet. The specimens were then 
labelled and placed in the curing room (20C°, 100% R.H.) where they were left to dry 
for 24 hours. Following that period, they were de-moulded and returned to the curing 
room for a further 27 days before being removed for testing. On the 27* and 28* days 
of curing, two coats of anti-slip floor coating were applied on all sides of the 
specimens, including the protruding ends of the steel bars, except the ponding basin. 
This served the purpose of sealing all other surfaces apart form the ponding surface, 
thus making them impenetrable to aggressive environmental factors and ensuring that 
corrosion observed on the steel bars would be solely due to the ponding regime to be 
followed. A virtual image of a finished specimen is shown in Figure 4.3.
A total of twenty four specimens were cast in three stages, according to the planned 
schedule. Table 4.2 below shows the number of specimens along with their type of 
binder and W/C ratio, as well as the number of embedded reinforcement bars
TYPE OF BINDER W/B RATIO NUMBER OF SLAB SAMPLES
NUMBER OF 
REINFORCEMENT 
BARS
PC 0,40 6 54
0,65 6 54
90% PC/10%  Silica 0,40 6 54
fume 0,65 6 54
Total 24 216
Table 4.2 Slab specimens for corrosion measurements
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Figure 4.3 Schematic diagram of completed corrosion monitoring specimen
4.2.5 Specimen exposure
4.2.J.7 Ponding regime
After curing for 28 days at 100% RH, the specimens were transferred to a room with 
constant temperature and relative humidity (20 C° and 70% R.H.), where they 
remained for the rest of the one-year experimental process. They were immediately 
ponded with 300g of water saturated with calcium hydroxide. Forty eight hours later 
the initial base-line corrosion measurements were taken. Thereafter, two-weekly dry- 
wet cycles were followed whereby, the wet period of each cycle involved ponding 
with 300g of the corresponding de-icer solution selected for each specimen. During 
the ponding period the top of the ponding surfaces would be carefully sealed with 
polythene sheets in order to prevent evaporation of the solution and the consequent 
alteration of their concentrations.
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Measurements were taken every two weeks at the end of the wet cycle in order to 
ensure saturated conditions and therefore adequate conductivity between the surface 
of the concrete and the steel bars. Two, well established ,types of corrosion 
measurement techniques were used so that their combined results could provide an 
insight into whether corrosion was taking place and at what the rate, at any given 
time. The two techniques used were the half-cell potential measurement and the 
Linear Polarisation Technique. They are both discussed in more detail in Chapter 5. 
Table 4.3, below, outlines the type and number of specimens for every ponding 
solution used in this study.
TYPE OF 
BINDER USED 
FOR THE 
MANUFACTURE 
OF SLAB 
SPECIMENS
W/C
RATIO
NUMBER OF SLAB SPECIMENS UNDERGOING TWO­
WEEKLY WET-DRY PONDING REGIME IN AQUEOUS 
SOLUTIONS OF
WATER 3.5%NaCl
3.5%
NAAC
4.367%
NAAC
3.5%
CMA
6.181%
CMA
PC
90% PC-10% Silica 
fume
0.4
0.65
0.4
0.65
Table 4.3 Type and number of specimens for each different type of exposure
4.2.5.2 Choice of concentrations of ponding solutions
Every de-icing chemical used in this study has a different eutectic point, which, in 
turn is reached at different concentrations for every de-icer. The concentrations of the 
ponding solutions of the de-icers in this study was chosen on the basis of comparable 
ice-melting performance. Ice melting performance is difficult to quantify (as 
discussed in Chapter 2), due to the different ways different de-icing chemicals act. 
However, there are some ways as well as standards for the comparison of the 
performance of aqueous solutions of different de-icers on the basis of freezing points, 
ice penetration, ice melting rates, ice melting capacity and others.
All these properties are equally important towards determining the ice melting 
performance of a chemical, and thus, it is difficult to select one as a reference point. 
For example, although ice penetration rates play a major role in destroying the bond
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between the ice and the pavement, which is of great significance, many chemicals 
have been proven to act in a different manner.
The freezing point of a solution indicates a property of the solution itself, and is often 
hard to correlate to the ice melting properties of the chemical in solution, since, in real 
conditions, the solution becomes more dilute as ice-melting proceeds. The solution 
will maintain its initial concentration only for a short time, and as dilution proceeds, 
the freezing point will keep changing. However, for the purposes of this laboratory 
investigation, it was deemed preferable to maintain the concentrations of the ponding 
solutions constant, thus eliminating it as a variable. Despite the generally uncertain 
correlation of the resultant freezing point of the concentration of de-icer solutions 
with the ice melting performance of a chemical in real outdoor conditions, equal 
resultant freezing points were a practical means for choosing the ponding 
concentrations for comparative purposes.
The concentration of the NaCl solution was arbitrarily chosen to be 3.5% by weight, 
which approximately simulates the NaCl concentration in the sea. As shown in 
Appendix A, this solution produces equal freezing points as an aqueous solution of 
4.367% by weight of NAAC or a solution of 6.181% by weight of CMA. In addition, 
solutions of 3.5% by weight of NAAC and CMA were used in order to compare the 
corrosion effects of equal amounts of the chemicals under investigation. In summary, 
the solutions used, as also seen in Table 4.3, were:
■ Water
■ 3.5% NaCl
■ 3.5% NAAC
■ 4.367% NAAC
■ 3.5% CMA
■ 6.181% CMA
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4.3 Specimens for investigation of effects on cement paste
4.3.1 Purpose and description
The second part of this study investigates the effects of aqueous solutions of the 
selected de-icers, on the stability of the binder paste. The tests undertaken involved 
microstructural investigation and physical properties’ tests. More specifically, for the 
microstructural investigation, SEM microscopy. X-ray diffraction and thermal 
analysis techniques were employed, while for physical properties’ testing, flexural 
strength, compressive strength, water absorption and porosity tests were conducted. 
The design and manufacture of the specimens took into account the requirements of 
each different test.
4.3.1.1 Specimens designed fo r Scanning Electron Microscopy (SEM)
With respect to the SEM imaging and element mapping undertaken, the main concern 
in designing the appropriate samples was to ensure unidirectional flow by allowing 
only one of the faces of each specimen to be in contact with the de-icer solution. 
Thus, any effects on the specimens would be the result of the contact of that particular 
face with the de-icer solution. This enabled better estimation of the depth of the 
effects. However, with all other sides sealed, the investigation was limited to the near 
surface only due to trapped air in the pores of the specimen pushing liquid out. As 
only near surface effects were expected, this limitation did not compromise the 
investigation.
The other concern was to ensure that the faces of the specimens in contact with the 
solutions would not be the as-cast surface, so as to minimise contamination from the 
casting and handling processes. Thus, cement paste prisms (45mm x 10mm x 10mm) 
coated with epoxy resin, with only one face exposed, as illustrated in Figure 4.4,were 
manufactured for this part of the investigation.
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Figure 4.4 Finished, coated and labelled specimens for micro structural 
investigation tests
43.1.2 Specimens designed for XRD, DSC and TGA tests
For the specimens used in X-ray diffraction spectrometry and in the thermal 
techniques employed (DSC and TGA), unidirectional flow was not of the same 
significance. This was due to the fact that these techniques were not used to 
investigate the depth of the effects of the de-icer solutions in the paste, but rather to 
indicate the presence of any traceable effects which would confirm and elaborate the 
results obtained by microscopy. Thus, cement paste prisms (45mm x 10mm x 10mm), 
precisely like the ones manufactured for the SEM imaging were used for these 
particular tests but they were not coated with epoxy resin.
In the case of the XRD spectrometry tests, just before testing, the specimens were 
crushed and then ground to a powder using mortar and pestle and passed through a 
50pm sieve. When at least Ig of ground sample was collected, it was sprayed with 
acetone to remove any moisture still present in the fine powder to stop hydration. 
When the acetone evaporated, the sample was sealed in an airtight plastic container 
and immediately taken for testing. The urgency for immediate testing after grinding 
was to avoid carbonation from gaseous CO2 which could occur relatively quickly in a 
ground, dried sample. The mortar and pestle were thoroughly cleaned between 
grinding different samples to avoid cross-contamination.
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In order to identify phases present in small quantities, possibly in thin surface layers, 
the surface of separate specimens was scraped, taking extra care to ensure fineness of 
the resulting powder. The samples collected were, as before, dried with acetone, 
sealed in a container and immediately taken for testing. Although the final quantity of 
material collected in this manner was usually small, it was mounted on special 
backing plates, which allowed the thin layer of powder to be analysed by the X-Ray 
diffractometer.
For the thermal analysis techniques, 3mm thick surface layers were removed from all 
sides of the specimens and only the remaining cores were tested.
4.3.1.3 Specimens for physical properties’ tests
Figure 4.5 Cement paste sample 
mounted on the flexural strength testing 
machine
The tests for the physical properties’ 
investigation were designed to
examine the impact of the de-icers on 
the flexural and compressive strength, 
the water absorption and the porosity 
of cement paste in contact with them. 
Suitable specimens were designed for 
each test.
Cement paste prisms (145mm x 15mm 
X 15mm), Figure 4.5, were
manufactured for the flexural strength 
tests while, cubes (50mm x 50mm x
50mm) were used for all the rest of the physical property tests. It should be noted that 
the tests involving the cube specimens were tested for a period of three months after 
the end of curing. This is because they were not part of the initial scope of this study. 
A phenomenon identified at the later stages of this study, associated with possible 
effects on the permeability of cement paste in contact with the acetate-based de-icers, 
rendered some permeability tests for confirmation purposes, valuable. As mentioned
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above, due to the fact that it was late in the study only three month results after curing 
were obtained. However, since significantly more cubes were cast than needed for the 
permeability tests, it was opportune that a number of them be used for other tests such 
as compressive strength and total porosity.
4.3.2 Mix Design
Two cement paste mixes were chosen for the 
microstructural investigation tests; a mix whose 
binder contained PC only, and a second one 
whose binder comprised 90% PC and 10%. silica 
fume. The W/C ratio for both mixes was chosen 
to be 0.4 only. This is because PC paste with a
0.65 W/C ratio was impossible to cast 
consistently due to extensive bleeding and 
segregation. The PC and the Silica fume used for 
this part of the study were from the same batches 
as the ones used for the manufacture of the 
corrosion measurement specimens.
4.3.3 Casting, Preparation and exposure
43.3.1 General
Figure 4.6 “Crypto Peerless 
EBIO” mixer used in the 
manufacture of cement paste 
specimens
The casting and mould-filling process for all the cement paste specimens was 
conducted in the same manner. The paste was mixed in a “Crypto Peerless EBIO” 
catering mixer. Figure 4.6, for two minutes. The moulds were placed on a vibrating 
table for a period of about one minute in order to achieve good compaction in 
accordance with BS EN 12390-2:2000 [1], while taking care to avoid bleeding and 
segregation. Next they were placed in the curing room (20C°, 100% R.H.), for 24 
hours. The following day they were de-moulded and labelled.
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43.3 .2  Preparation of specimens for microstructural investigation
On the specimens intended for SEM imaging, the as-cast surface of the two 10mm x 
10mm faces was carefully removed with a diamond saw so that the new exposed 
surface would be flat. On the prisms intended for XRD, TGA and DSC testing the as- 
cast surface was removed with a diamond saw from all faces. All the specimens were 
then placed back in the curing room for a further period of 27 days as shown in Figure 
4.8. Once out of the curing room, the prisms intended for SEM imaging were moved 
to a room with 20°C and 75% RH where it was coated with an epoxy resin, leaving 
one of the two 10mm x 10mm faces uncoated, as illustrated in Figure 4.4, and were 
left to dry overnight. Coating was repeated the next day and the specimens were left 
to dry overnight. This was done in order to achieve unidirectional flow of the solution 
in which the specimens would subsequently be immersed and allow the ingress of the 
solutions and the ions contained therein through one face of the specimen only. 
Specimens intended for use in the rest of the microstructural investigation 
experiments, were not coated. Once out of the curing room they were put in the same 
room as the samples intended for SEM where they remained for seven days before 
immersion.
Two coated and three uncoated PC prisms and equal numbers of PC / Silica fume 
prisms were tested immediately after 28 days of curing. The rest of the prisms were 
completely immersed into the four de-icer solutions as shown in Table 4.3 above. 
Two-weekly cycles of immersion and subsequent drying (one week immersed-one 
week dry in 20°C and 75%RH) were followed thereafter for a period of one year.
To facilitate the specimens during immersion and drying, plastic boxes. Figure 4.7, 
were used. The internal dimensions of the boxes were 350mm x 250mm x 110mm, 
and the volume of the solutions in which the samples were immersed each time, was 6 
litres. Table 4.4 illustrates the number of specimens tested for each combination of 
type of binder and type of exposure at the selected ages.
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TEST 
AGE 
AFTER 
END OF 
CURING
TYPE OF 
BINDER 
PASTE MIXES
NUMBER OF PRISMS UNDERGOING IMMERSION 
CYCLES IN
NO 
SOLUTION WATER
I
3.5% 6.181% 4.367%
NaCl CMA NAAC
1  1
S5 O
1  1
S3 O
1  1
S3 O
^ 1 "  1 "  1
End of PC 2 3 0 0 0 0 0 0 0 0
curing 90% PC-10%
Silica  fum e
2 3 0 0 0 0 0 0 0 0
28 days PC 0 0 2 3 2 3 2 3 2 3
after
curing 90% PC-10%
Silica  fum e 0 0
2 3 2 3 2 3 2 3
3 months PC 0 0 2 3 2 3 2 3 2 3
after
curing 90% PC-10%
Silica  fum e
0 0 2 3 2 3 2 3 2 3
6 months PC 0 0 2 3 2 3 2 3 2 3
after
curing 90% PC-10%
Silica  fum e 0 0
2 3 2 3 2 3 2 3
1 year PC 0 0 2 3 2 3 2 3 2 3
after
curing 90% PC-10%
Silica fum e
0 0 2 3 2 3 2 3 2 3
Table 4.4 Cement paste specimens used in the microstructural investigation
Figure 4.7 Specimens inside the containers used for immersion
The number of specimens for the microstructural investigation cast was about double 
the number finally used for testing, in order to compensate for defective specimens or
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specimens damaged during preparation. In total 150 prisms of pure PC and 150 of 
90% b.w. PC / 10% b.w. silica fume were cast. For each of these two mixes, half of 
the specimens cast, were coated as described previously.
4.33.3  Preparation of specimens for physical properties' tests
The cement paste prisms 
(145mm x 15mm x 
15 mm), manufactured for 
the flexural strength tests 
were cured for 28 days 
and then moved to a
room with constant 
temperature and RH; 
namely 20°C and
75%RH, where they
remained for a week
. . .  . Figure 4.8 Cement paste specimens in the curingbefore immersion of each —®--------------------------------- --------------------------room
sample into its scheduled
corresponding solution. The same regime of two-weekly cycles of immersion and 
subsequent drying described in the previous section (one week immersed-one week 
dry) was followed.
The cubes (50mm x 50mm x 50mm) manufactured for the rest of the physical 
property tests, were also cured for 28 days and the same ponding regime was 
followed, with the exception that in the two-weekly cycles immersion regime, the 7- 
day “wet” cycle preceded the 7-day “dry” cycle. Thus all testing on the cubes was in 
any case conducted at the end of a dry cycle. This variation was selected due to the 
water absorption test which might have not been able to yield any meaningful results, 
had it been conducted on saturated specimens, due to the very likely inability of the 
latter to absorb water.
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Again, the number of specimens cast for the physical properties’ tests was more than 
double the number finally used for testing. In total 150 prisms of pure PC and 150 of 
90% b.w. PC /10% b.w. silica fume were cast. The same numbers of cubes were cast.
Table 4.5, outlines the number and type of specimens tested for each combination of 
type of binder and type of exposure, for microstructural and physical property testing.
T ype o f  test
G eom etry o f  
cem ent paste 
specim ens
Number of specimens tested for each type of binder and 
type of exposure on:
end o f  1 m onth 3 months 6 m onths 1 year after
curing after end after end after end end o f
o f  curing o f  curing o f  curing curing
XR D
E
Eo a
2 0 2 0 2
SEM
X
E
1
X
E
1
U1
'C
I 0 2 (coated) 2  (coated) 2 (coated) 2 (coated)
Thermal tests E9 C14 1 0 1 1 1
Flexural
strength
E
X
E
E
C om pressive
strength
Karsten tube 
Water
absorption test 
Total porosity
I
VIX
E
Eo
I 5
10
4
4
10
4
4
10
4
4
0
0
0
0
0
0
Table 4.5 Number of specimens tested for each combination of type of binder 
and type of exposure
4.4 System of Abbreviations for Specimens Used
For convenience, a system of abbreviations was used. Table 4.6 outlines this system.
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Type of
testing
that
specimens
underwent
Type of
test
(abbr.)
Type of 
binder
(PC fo r PC  
specimens and 
SIF U for  
specimens with 
silica fume 
addition)
w/c
(A  fo r  
W/C=OA 
and 
.65 fo r  
W/C=0.65)
De-icer
solution
the
specimen
was
exposed to
(blank test 
age is the 
end o f  
curing)
Location
of
specimen
(SURF fo r
powder
samples
obtaining
from the
surface o f
specimens;
otherwise
leave
blank)
Age after
end of
curing
that
testing
was
conducted 
(CURED if
the test age 
is the end o f  
curing- 
Leave blank 
to refer to 
specimens 
collectively)
XRD
SEM
Thermal
tests
PC
or
SIFU
WATER
CURED
or
or SURF 28D
NaCl or
or or 3M
NAAC -leave or
or blank- 6M
CMA or
lY
Flexural
strength FL
PC
or
SIFU
WATER
or
NaCl
or
NAAC
or
CMA
CURED
Compressive
strength CO
PC
or
SIFU
WATER
or
NaCI
or
NAAC
or
CMA
CURED
CURED
Water 
Absorption 
with Karsten 
tube
WA
PC
or
SIFU
WATER
or
NaCI
or
NAAC
or
CMA
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Type of Type of Type of W/C De-icer
testing test binder solution
that (abbr.) the
specimens specimen
underwent (PC fo r  PC (.4 fo r was
specimens and W/C=0.4 exposed to
SIF U for and
specimens with .65 fo r (blank test
silica fume W/C=0.65) age is the
addition) end o f  
curing)
Location
of
specimen
(SURF fo r
powder
samples
obtaining
from the
surface o f
specimens;
otherwise
leave
blank)
Age after
end of
curing
that
testing
was
conducted 
(CURED if
the test age 
is the end o f  
curing- 
Leave blank 
to refer to 
specimens 
collectively)
Total
porosity TP
PC
or
SIFU
WATER
or
NaCl
or
NAAC
or
CMA
CURED
or
28D
or
3M
Corrosion
WATER
PC
or
3.5%NaCl
or
3.5%NAAC
or .4 or
SIFU or 4.367%NAACi
.65 or
3.5% CMA 1 
or
6.181% CMA 1
Table 4.6 System of Abbreviations for specimen types used (hyphen to be 
used as separator between components of columns)
The separator used between the components of the columns of table 4.6 is the 
hyphen. For example, PC-.4-3.5%NaCl is a pure PC corrosion testing specimen, 
ponded, with a solution of 3.5% b.w. NaCl. Also, for example PC-NaCl refers to all 
the PC specimens ponded with NaCl solution in the microstructural investigation 
regardless of test age.
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CHAPTER 5 TESTING PROCEDURES
5.1 Introduction
This chapter details the testing procedures followed in this study, along with the 
standards and specifications they conform to. In general, the tests can be divided into 
three categories:
i. Corrosion monitoring tests, which included the following:
■ Rest Potential;
■ Linear Polarisation technique;
■ Visual examination by extracting embedded bars.
ii. Microstructural investigation tests, which included the following:
■ SEM microscopy;
■ X-Ray diffraction spectrometry (XRD);
■ Thermal analysis techniques
o Differential Scanning Calorimetry (DSC); 
o Thermo-Gravimetric Analysis (TGA).
iii. Physical and chemical properties’ tests, which included the following: 
Compressive strength tests;
Flexural strength tests;
Total porosity tests;
Water absorption tests with Karsten Tube;
Carbonation depth testing with pH colour indicators; 
pH measurements of the ponding solutions.
5.2 Corrosion monitoring tests
5.2.1 Half-Cell Potential
The Half-Cell Potential measurement is a well established non-destructive technique 
of corrosion monitoring. However, its results do not provide conclusive information
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about the corrosion rate of the rebar (kinetics) but rather an indication of their 
tendency to corrode (thermodynamics). A schematic test configuration is shown in 
Figure 5.1 below.
Saturated Calomel 
Electrode Voltmeter
Wetted sponge
Wet surface
O
3 0“'~3 0"  ^3 0'*'3 0-^3 0"^?l-3 0"'
Figure 5.1 Typical Half-Cell Potential measurement set-up
In this study, instead of a simple voltmeter, potentiostats were used to take half-cell 
potential measurements. A Sycopel Superstat potentiostat. Figure 5.2, was used for 
the most part. For the last few weeks of the corrosion monitoring process for a 
number of samples, a Gamry PCI4/300 potentiostat was used in place of the Sycopel 
Superstat, which had developed a fault. The “reference electrode” input of the 
potentiostat was connected to a saturated calomel electrode, SCE, and the “working 
electrode” input was connected to the rebar. To ensure good electrical conductivity 
between the reference electrode and the embedded bar, measurements were taken at 
the end of ponding cycles, immediately after the ponding solution was removed. A 
wet sponge was used as shown in the illustration above, and the ponding surface was 
sprayed with water to make sure that it remained wet throughout testing. This also 
prevented drying out of the surface of the concrete and consequent errors in the 
readings.
During measurements it was ensured that the values obtained remained steady for 
several seconds. A count of 20 seconds was adopted for practical purposes and the
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value at the end of the count was recorded if relatively stable. For every specimen, 
this value was recorded for each bar and the mean values of the three bars at each 
depth were plotted against time.
Figure 5.2 Svcopel Superstat
By convention the results are expressed as the potential of the reinforcement relative 
to the half-cell, so, the rebar is connected to the positive terminal of the voltmeter and 
the reference electrode to the negative. Figure 1. Therefore, the values will be 
negative. The “Van Da veer” criteria for the interpretation of half-cell potential 
measurements taken with a copper/copper sulphate reference electrode or CSE 
(potential at 25°C =4-316mV vs NHE) specify that a potential more positive than - 
200mV indicates less than 10% probability of corrosion and a potential more negative 
than -350mV indicates more than 90% probability of corrosion [1]. The electrode, 
used for the half-cell potential measurements in these specimens, was a saturated 
calomel electrode or SCE (potential at 25°C =4-244mV vs NHE), whose potential is 
72mV more positive than the potential of a copper/copper sulphate electrode. Thus, a 
half-cell potential more negative than -278mV, indicates a 90% probability of 
corrosion. Similarly, potentials more positive than -128mV represent an indication of 
a less than 10% probability of corrosion. Values in between represent an uncertain 
corrosion activity [2].
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5.2.2 Linear Polarisation Resistance technique (LPR)
Half-cell potential measurements can provide an indication of corrosion activity but 
do not measure the corrosion rate. The Linear Polarisation Resistance technique fills 
this void by providing a measure of the corrosion rate with relatively simple 
instrumentation connected to the reinforcement. The same two potentiostats, which 
were used previously, were also used for the LPR technique measurements.
In this method, apart from the primary or working electrode, which is the one being 
tested, a further electrode called the “secondary”, “counter” or “auxiliary” electrode is 
introduced into the system. The counter electrode is not required for the measurement 
of any potential and it is present exclusively, to carry a current imposed, and 
maintained, by the potentiostat for the polarisation of the working electrode. The 
counter electrode usually needs to be of a material that will not introduce any 
contaminating ions into the electrolyte, in our case the pore solution. For this purpose, 
one of the remaining of the two bars in each three-bar set for every depth played the 
role of the counter electrode in our system. Since those are essentially identical in size 
and are made of the same material as the working electrode, a possible introduction of 
contaminating ions in the pore solution was eliminated.
All the bars of every three-bar set were investigated using this technique and data was 
collected. The method for obtaining measurements with the Sycopel Superstat was as 
follows: Initially, the potential of each bar was shifted 20mV negative of the rest 
potential and a current measurement was recorded after 30 seconds to allow the value 
to stabilise. Then the current flow was turned off for five minutes to allow the 
potential of the working electrode to return to its original “rest” value. Following that, 
the potential of the working electrode was shifted 20mV positive of the initial “rest” 
potential and again, a current measurement was taken after 30 seconds. When 
measurements were obtained by the use of the Gamry PCI4/300, an automatic scan 
was performed, under software control, between -20mV from the rest potential to 
+20mV from the rest potential, at a rate of O.lmV/s. The above procedures were 
followed for the remaining electrodes in every three-bar sets in an alternating 
sequence as illustrated in Figure 5.3.
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e e o r'Step
working counter
• o • 2"“* Step
counter working
o e • 3"* step
working counter
Figure 5.3 Alternating sequence for working and counter electrodes in a three-bar 
set
The data collected was then used to deduce the corrosion rates for each of the working 
electrodes based on an observation by Stern and Geary [3,4], who reported a linear 
dependence of potential with the applied current, when an electrode is subjected to a 
small amount of polarisation, either anodic or cathodic. This means that for a small 
range of polarisation of about 20-30mV either side of Brest the graph is usually almost 
linear. Therefore the slope of the graph, which is the polarisation resistance {Rp) due 
to its units being ohms, is equal to Rp= SB  /  S i  where,
SB = sum of absolute values of the applied anodic and cathodic polarisation potential, 
(in our study, SB = |-20| + 1+20| = 40 mV)
S i  ^measured resulting current difference
They, then, derived the following equation that connects the slope of that initial linear 
region to the Tafel slopes and the corrosion current, Icorr:
^  SE (AxA)
" S t  2 . 3 / ^ _ ( Æ + A )
Equation 5.1
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This can be simplified to:
I  =—  Equation 5.2
where, K may be taken to be 26mV for corroding rebar and 52mV for rebar in the 
passive state [5]. For the purpose of this study, K was taken to be 52mV where the 
corresponding rest potential value was more negative than -0.278V, as per the Van 
Daveer criteria, and 26mV where the corresponding rest potential value was more 
positive than -0.278V. This approximation is used due to the fact that for most of our 
measurements, we used the Sycopel Superstat, which did not allow for accurate 
calculation of the Tafel slope values, and so linearity was assumed. During the final 
stages, measurements for a number of specimens were taken by the Gamry PCI4/300, 
which allowed a complete scan of the region in question and offered the possibility of 
the calculation of the actual Tafel slope values with the help of computer software 
“Echem analyst”. In Appendix B, a comparison of the results of the approximate 
method with those of the (potentially) more accurate computer aided technique is 
discussed. It may be noted that environmental conditions can have an effect on LPR 
readings [6]. Rodriguez et a l [7], suggest the values of Table 5.1 below as a means of 
translating corrosion current density values to corrosion damage. Corrosion current 
density icorr is calculated by dividing \corr by the area of the working electrode. Thus:
^corr Interpretation
<0.2pA/cm^ Reinforcement in the passive condition
0.2 -  0.5pA/cm^ Low to moderate corrosion rates
0.5 -  IpA/cm^ Moderate to high Corrosion rates
> IpA/cm^ High Corrosion rates
Table 5.1 Interpretation of imrr values. 171
For the purposes of this study, we shall assume that icorr values higher than IpA/cm^ 
will signify that a bar is in the corroding condition, icorr values can also be used to 
measure loss of steel from the bars [8]. Ohmic drop was not considered to be a 
significant factor for the purposes of this study as the specimens were fully saturated
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during measurements which would minimise resistance and also because the results 
are mainly used for comparative purposes between the different specimens.
5.2.3 Visual Examination by extracted embedded bars
At the end of the dry/wet ponding regime, after one year of corrosion measurements, 
the steel bars were extracted from the concrete specimens, by means of an electrical 
vibrating breaker as shown in Figure 5.4. Photographie records were then taken. Next, 
the bars were labelled and wrapped in polythene bags for future examination. The 
purpose of the visual examination of the bars was the correlation of the condition of 
the extracted bars with the results of the non-destructive corrosion measurement 
techniques.
/■i ■■
‘■ ‘é  A
V t  ' ~ T
Figure 5.4 Extraction of embedded bars bv means of an electrical vibrating 
breaker
The drawback of this coiTclation attempt is, perhaps, that the visual examination 
cannot offer verification of the non destructive techniques’ results over time, but, 
probably, only of the very last few measurements recorded. However, aside from its 
limitations, a visual and physical examination of the bars and the possible corrosion 
products on them assisted in determining the type of corrosion exhibited. This, 
subsequently, played a significant part in the interpretation of the processes that 
resulted in corrosion on those bars.
Chapter 5: Testing Procedures
5.3 Microstructural investigation tests
5.3.1 SEM microscopy
The scanning electron microscope is widely used in concrete petrography to produce 
images with adequate depth of field, and to perform element analysis of specimen 
surfaces with the resulting X-rays of the electron beam. However, the electron beam 
penetrates the surface of specimens only by a few microns; therefore, analysis only of 
surface elements is possible with this technique. Analysis of elements can be 
quantitative if a polished surface is used. However, in this study, surfaces of the 
samples examined with the scanning electron microscope were fracture faces. Thus, 
element mapping could only be qualitative. The microscope used in this investigation 
was a HITACHI 3200 Scanning Electron Microscope, Figure 5.5.
Figure 5.5 HITACHI 3200 Scanning Electron Microscope
The specimens, previously prepared as per section 4.3.1.1, were dried for 24 hours at 
60°C before testing, as higher temperatures could cause cracking. They were then split 
along their longitudinal axis, which, allowed for visualisation of the effects of the 
solutions on the same sample, simply by moving the cut profile under the microscope. 
The reason for splitting the specimens instead of cutting them with a diamond saw 
was the concern that some of the features seen on the fracture face would be altered.
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or lost, due to the heat or the cooling water inherent in the cutting process. Cross­
contamination was also a concern. The specimens were carbon coated before they 
were examined in the SEM. A series of images were taken at various locations, and 
depths from the surface of the exposed face and of the exposed face itself, using a 
range of magnifications. Element mapping was also performed in order to help 
identify the elements and compound formations at locations of interest. SEM 
microscopy testing was conducted at the following ages of specimens:
■ At the end of curing (28 days after casting)
■ 28 days after the end of curing
■ 6 months after the end of curing
■ 1 year after the end of curing
A wide range of magnifications was used because the high and low magnifications 
served different purposes. Lower magnification offered visual and element mapping 
information with respect to layering of possible deposits on the surface of the sample 
or alterations of the chemical composition of layers in the sample. Higher 
magnifications offered the possibility of visual identification of individual features or 
the absence of such, as an indication of specific phenomena.
5.3.2 X-Ray Diffraction spectrometry (XRD)
X-ray diffraction spectrometry (XRD) can directly identify crystalline phases in 
concrete and other materials. A finely ground powder sample is normally inserted in 
the diffractometer, and the XRD data obtained and recorded with the assistance of a 
computer. The data is in the form of a set of peak patterns where different patterns 
corresponding to different phases. In order to identify the phases present, a 
comparison is made with a database of established peak patterns for known materials 
and compounds.
One of the limitations of the XRD technique lies in the fact that it cannot identify 
amorphous materials. In the case of concrete that is a potential problem as the rather 
feebly crystalline phases of C-S-H result in small peaks which are hard to identify
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among the peaks of ealcium hydroxide and other mineral phases in the concrete. In 
general, feebly crystalline phases return many and weak peaks, while the more 
crystalline phases return fewer and taller peaks [9]. Another significant limitation is 
that there has to be adequate quantity of a crystalline phase present in the sample 
under examination in order for it to be identified. Although this amount varies and 
depends on the crystallinity of the substance, it can generally be said that if less than 
2% of a substance is present, this technique may not be able to identify its presence 
[10]. For these reasons X-ray diffraction could be considered only a semi-quantitative 
technique.
umiNNKim
(a) Placing ground sample on the plate (b) Inserting the plate in the diffractometer
Figure 5.6 Placing of ground samples in the diffractometer for testing
Each sample was prepared as described in section 4.3.1.2, and taken for testing 
immediately after grinding and drying. Powder samples were mounted on a special 
mold plate as shown in Figure 5.6 (a) and (b). The top surface of the sample was then 
pressed flat at the same level as the top surface of the plate and any excess powder 
was removed with a brush. The plate was, in turn, inserted into the diffractometer. 
The cabin door was then properly locked and data was acquired with the help of a 
computer and specialised software X’Pert Data Collector by Panalytical.
The diffractometer used in this study was the Panalytical X’Pert Pro, Figure 5.7. 
Measurements were between 20 angles of 10 to 60 and the 20 step size of the scan
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was 0.017. Each scan lasted eight minutes. X-ray diffraction spectrometry tests were 
conducted at the following specimen ages:
Upon the end of curing (28 days after casting) 
3 months after the end of curing 
1 year after the end of curing
g
m
Figure 5.7 The PANalvtical X’Pert PRO X-Ray Diffractometer used in the 
investigation
The data was analysed with the help of the X’pert Highscore software by Panalytical. 
The results were used for correlation with the findings of the SEM investigation and 
the thermal techniques described in section 5.3.3. Although, XRD did not offer fully 
quantitative data, it offered a means of testing the key assumptions made (based on 
the literature and the results from the rest of the microstructural investigation 
techniques employed) regarding the phases present on the surface and inside the paste 
samples as a result of their contact with the de-icers.
5.3.3 Thermal analysis techniques (DSC and TGA)
The two thermal analysis techniques employed, namely Differential Scanning 
Calorimetry (DSC) and Thermogravimetric Analysis (TGA) both consist of the
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stepped controlled heating of a sample in a furnace and the recording of changes that 
take place. TGA records the changes in weight of the sample and its results are 
expressed in percentage of the initial weight while DSC measures the changes in 
energy and its results are expressed in mCal/s.
Most of the tests in this study were carried out on a Stanton Redcroft STA 1500 
Simultaneous Thermal Analyser, but some of the samples were tested on a TA 
Instruments TA Q600 due to a fault that the STA 1500 developed. The equipment had 
the capability of conducting combined experiments employing both techniques 
concurrently for the same sample. Thus, measurements for both techniques were taken 
concurrently from each sample. The temperature range used in this study was 25- 
1250°C. As outlined in section 4.3.1.2, the surface layers of the specimens were 
removed before testing and core samples taken from the specimens with a mass of 
about 30mg to 40mg were tested. The initial mass of each sample was recorded and 
displayed on the resulting plots.
5.4 Physical and chemical properties’ tests
5.4.1 Compressive and flexural strength tests
Compressive and flexural strength tests were conducted for the PC and PC/Silica 
Fume paste cubes and prisms respectively, described in section 4.3.3.3 in Chapter 4, 
in accordance with BS EN 12390-2:2000 [11] for compressive strength tests and BS 
EN 12390-5:2000 [12] for flexural strength tests. The apparatus used for the 
compressive strength tests was a Famell 2000 KN capacity cube crusher,_while for the 
flexural strength tests an Instron 5500R was used. Figures 5.8 and 5.9 depict the 
apparatuses with mounted specimens used for the compressive and flexural strength 
tests respectively.
Both compressive and flexural strength tests were conducted at the end of a “wet” 
half-cycle, in the two-weekly dry/wet cycle immersion regime described in Chapter 4. 
The surfaces of the specimens were thoroughly dried and then mounted onto the
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testing apparatus. The compression test specimens were placed between steel plates to 
ensure adequate support and restraint during the test. For each combination of binder 
type and exposure type at each age, ten cubes were tested for compressive strength 
and five prisms were tested for flexural strength, and the compressive and flexural 
strength values were recorded . The average of these values was then calculated and 
used to create monitor the evolution of compressive and flexural strength of the 
specimens in this study.
Figure 5.8 Farnell 2000 KN capacitv compression test machine used for 
compressive strength tests
Compressive and flexural strength tests were carried out at the specimen ages 
specified in Table 5.2 overleaf:
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Specimen age on which tests were carried out for:
Flexural Strength Compressive strength
Upon the end of curing (28 days after Upon the end of curing (28 days after
casting) casting)
28 days after the end of curing 28 days after the end of curing
3 months after the end of curing 3 months after the end of curing
6 months after the end of curing 
1 year after the end of curing
Table 5.2 Specimen ages on which flexural and compressive strength tests were 
carried out
Figure 5.9 Instron 55Q0R used for flexural strength tests 
5.4.2 Total porosity tests
The purpose of total porosity tests was to associate any exposure-induced changes in 
the binder paste observed by means of the microstructural investigation techniques 
with changes in the total porosity of the specimens. Total porosity tests were 
conducted using cube specimens manufactured as per section 4.3.3.3. Two specimens
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were tested for each combination of binder type and exposure at each age and their 
compressive strength values were recorded. Specimens were completely immersed in 
water in an enclosed glass container for 24 hours, during which time air was extracted 
from the container by means of a vacuum system. Figure 5.10. Following this, the 
specimens were weighed and then placed in an oven at 60°C for another 24 hours. The 
specimens were then weighed again and the difference in specimen mass between the 
wet and dry conditions was recorded. The value of this difference is a close 
approximation of the total mass of the water occupying the pore system of the 
specimens. Knowing that the density of water is 1 kg/1, the total volume of the pores of 
each specimen was then calculated. Four specimens were tested for each combination 
of binder type and exposure type at each age and their total porosity values were 
recorded. The average value was then calculated and used to create plots illustrating 
the variation of total porosity as a result of the exposure to the de-icer solutions under 
investigation for each binder type used in this study. Total porosity tests were 
conducted at the following ages:
Upon the end of curing (28 days after casting) 
28 days after the end of curing 
3 months after the end of curing
Figure 5.10 Vacuum used for saturating cube specimens with water
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5.4.3 Water absorption tests with Karsten tube
Surface water absorption tests were carried out after the results of the mierostructural 
investigation were collected. After examination of the latter it was observed that 
contact of the specimens with de-icer solutions resulted in deposits on the surface of 
the specimens, especially in the case of the specimens in contact with CMA solutions. 
In order to investigate whether these surface deposits affected the surface absorption 
properties of the specimens, Karsten tube water absorption tests were carried out at 
the following ages:
■ Upon the end of curing (28 days after casting);
■ 28 days after the end of curing;
■ 3 months after the end of curing.
The Karsten tube used was the one shown in Figure 5.11 below.
Figure 5.11 Experimental setup for the water absorption tests with the Karsten tube
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The Karsten tube for measuring water absorption under low pressure is applied to 
vertical surfaces and measures horizontal transport of water. The former one was used 
in this study. As seen in Figure 5.11 above, the surface attached to the specimen is a 
flat circular brim. It is attached to the vertical surface of the specimen by interposing 
waterproof putty. The internal diameter of the brim is approximately 30mm and the 
diameter of the tube is approximately 8mm. The tube is graduated from 13 near the 
top to 17 near the bottom. Each of these gradations represents a water increment 
inside the tube of approximately lOOOmm .^ Each grade is subdivided to 10 sub-grades 
each of which represents an increment of lOOmm  ^ of water. The total height of the 
column of water applied to the surface, measured from the centre point of the flat, 
circular brim to the topmost grade, is approximately 10cm. This corresponds to a 
pressure of IkPa.
The tests were conducted using cube specimens manufactured as per section 4.3.3.3. 
Water was added from the top of the tube up to grade 13. The quantity of water 
absorbed was measured directly by visual inspection of the level of water in the tube 
and recorded at 10, 15, 20, 30 and 60 minutes. For every combination of sample and 
type of exposure, 4 specimens were tested. The data was then averaged and plotted 
over the 60 minute period for each combination of type of specimen and type of 
exposure at each of the three ages described above, namely, upon curing, 28 days after 
curing and three months after curing. Plots were then compared to examine how 
contact with the de-icer solutions impacts the water absorption properties of the 
surface of the binder paste specimens. Results were expressed in ml of water absorbed 
per minute.
5.4.4 Carbonation depth testing with pH colour indicators
It was deemed significant to investigate whether the de-icer solutions used in this 
study could cause carbonation in concrete, or lower the pH, of the pore solution by 
any other means for the following basic reasons:
■ Observed carbonation of adequate depth could explain possible measured 
corrosion of rebar, due to the reasons explained in Chapter 2;
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■ If the carbonated layer is not deep enough but, nonetheless, existent, it could 
suggest the potential for corrosion at some later date;
■ Possible lowering of the pH in the pore solution could betray other processes 
apart from carbonation, such as leaching of calcium hydroxide and alkali 
hydroxides from concrete. This could be associated with the findings of the 
mierostructural investigation.
As mentioned in Chapter 2, carbonation results to a drop in the pH of the pore 
solution of concrete from the pH region of 12-13 that uncarbonated paste is expected 
to have, to the pH value of 8.4 for a fully carbonated paste [10]. To identify such a 
phenomenon, pH colour indicators phenolphthalein and alizarin were used.
The specific products used in this study were general purpose grade phenolphthalein 
and alizarin by Fisher Scientific. The solutions were prepared, in both cases, by 
dissolving Ig of the solid indicator in 50ml of ethanol and then diluting to 100ml with 
water [13]. According to the product specification, alizarin covers the pH range 11-12 
with a colour change from pink to violet at the alkaline end, while phenolphthalein 
covers the pH range 8.3-10 with a respective colour change from colourless to red. 
These two indicators were chosen as, combined they cover a wide and appropriate pH 
range.
In is often the case that only phenolphthalein is used to detect carbonation as its 
results are visually more distinct [13], but since, even an environment with a pH of 11 
can be conducive towards corrosion [14], it was deemed important to determine even 
minor changes in the pH of the pore solution. It has to be noted that there is a gradient 
between the pH values of completely carbonated and uncarbonated paste; therefore, 
the more indicators one uses, the more accurately one can pinpoint the actual pH of 
the various regions on the surface under examination. Spraying with the alizarin 
solution was also meant to help avoid misinterpretations of the resulting colour of the 
surface sprayed with the phenolphthalein solution.
The specimens tested for carbonation were the same slab specimens used in the 
corrosion study. After having been subjected to the ponding regime described in 
section 4.2.5 of Chapter 4, and before the extraction of the embedded steel bars for
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visual inspection, they were fractured. Figure 5.12, with the help of a flexural strength 
testing apparatus. One of the newly exposed faces of each specimen was sprayed with 
the alizarin-containing solution while the other face was sprayed with the 
phenolphthalein-containing solution. Specimens were broken rather than saw cut as 
the latter process could interfere with the pore solution on the cut surface and lead to 
misleading results when sprayed with the indicator-containing solutions. The newly 
exposed fracture faces were sprayed immediately as, if left exposed to the 
atmosphere, they could rapidly carbonate. Care was taken during spraying to ensure 
that the surfaces were sprayed with a light mist rather than with excessive amounts of 
the indicator solutions, to prevent runoff and cross-staining of areas with different pH 
values.
1 Ï
Figure 5.12 Apparatus used for splitting the slab specimens 
5.4.5 pH measurements of the ponding solutions
A further test, which could prove indicative of the interactions between the concrete 
and the ponding solutions atop the slab specimens, was the measurement of the pH of 
the aforementioned solutions at the beginning and at the end of ponding of every wet 
half-cycle, as described in section 4.2.5 of Chapter 4. The pH meter used in these
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measurements was a “Checker” by Hanna instruments, with an accuracy of ±0.2 pH, 
Figure 5.13.
Figure 5.13 pH meter used to measure the pH of ponding solutions
The pH of the ponding solutions was measured once, in the same room where 
corrosion monitoring took place, with constant temperature and relative humidity 
(20C° and 70% R.H.), before the beginning of the experiments and those values were 
used as baselines. At the end of every wet half-cycle, throughout the one-year 
corrosion monitoring period, the pH of the ponding solutions was measured and the 
values were collected and deducted from the corresponding baseline values. The 
resulting differences were then plotted over time for the entire one-year period.
This test, in fact, monitors the extent to which the concrete specimens can affect the 
pH value of the de-ieer and the control solutions within one week of contact. The 
degree to which this effect is accentuated, or weakened, with the passage of time was 
used to make assumptions regarding the processes governing the interaction between 
the binder paste and the de-icer solutions.
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CHAPTER 6 CORROSION MONITORING
RESULTS AND DISCUSSION
6.1 Introduction
In this chapter the results from the corrosion monitoring tests described in Chapter 5, 
are presented and discussed. The purpose is to examine how the de-icers under 
investigation affect the time to corrosion initiation and corrosion rates, if any, of the 
bars embedded in the specimens at different depths from the surface. The effects of 
varying the composition of the binder and the W/C ratio on the corrosion behaviour of 
the ponded specimens are also considered.
The techniques used were the half-cell potential and the Linear Polarisation 
Resistance (LPR) techniques, as described in detail in Chapter 5. A total of twenty 
four small-scale slab specimens, underwent a ponding regime of twenty five two­
weekly wet-dry cycles, i.e. one week ponded with their corresponding solutions and 
one week dry. The two types of binder used were a) PC and b) 90% PC and 10% 
silica fume. For each type of binder, two W/C ratios were adopted, 0.4 and 0.65. 
Table 4.3 in Chapter 4 details the types and number of specimens used as well as the 
ponding solutions. At the end of the one-year period of testing the bars were 
extracted, visually inspected and photographed. These photographic records and the 
degree to which the condition of the extracted bars corresponded to the non­
destructive testing are also presented and discussed in this Chapter.
The results in this chapter are presented for each type of specimen and exposure. This 
is followed by a discussion of all the results and the way in which they compare with 
each other and with control specimens ponded with water. An attempt is made to 
identify the mechanism of interaction between the concrete-steel system of the 
specimens and the various de-icer solutions in order to explain the differences in 
observed corrosion behaviour of the steel bars.
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6.2 Electrochemical technique measurements
Figures 6.1 to 6.8 show the rest potential measurements and the results of the linear 
polarisation technique over a period of 25 two-weekly cycles. Each one of the values 
at any age for any sample is the average three measurements taken from each three- 
electrode set as described previously, in Chapter 5.
The results of the rest potential measurements are expressed in (V), as a function of 
time. A horizontal line at -0.278V is drawn to denote the limit, more negative of 
which, there is a 90% probability that corrosion is taking place. The linear polarisation 
technique results are expressed in current density icorr (pA/cm^) which as explained 
previously, in Chapter 5. A logarithmic scale is used for clarity. A horizontal line is 
drawn at IpA/cm^ to denote the limit, above which, the corrosion rates is considered 
to be high. Table 5.1.
It should be noted that to deduce the current density, the area of the exposed metal 
that is corroding needs to be established. As noted in Chapter 4, the uncoated area of 
each electrode was 30.16cm^ or in general, around 30cm^. However, a visual 
inspection of the extracted specimens that were showing clear signs of corrosion 
indicated that approximately a third of the exposed area acted as an anode, thus 
exhibiting corrosion product. Therefore, as an approximation, the area of the anode 
was taken to be lOcm^ for all specimens. This assumption is based on the fact that 
both anodic and cathodic sites form on the bar during corrosion, which is typical in 
the case of chloride induced corrosion. However, one of the limitations here is that 
during testing, the entire surface of the par is polarised cathodicaly and anodicaly. The 
assumption made here might also not be aecurate for longer term studies, as different 
types of ponding solutions could initiate different types of corrosion, where the anode 
would occupy a different percentage of the entire exposed area. However, this 
approximation serves the purposes of this medium-term investigation as, the area 
taken to be the anode plays no role in the case of specimens which are not exhibiting 
corrosion.
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Rest potential vs time
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Figure 6.1 Rest potential and LPR results for specimens PC-.4-WATER. PC-.4- 
3.5%NaCh PC-.4-3.5%NAAC and PC-.4-3.5%CMA. (ponding solution and depth of 
steel bars are shown in the legend)
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Rest potential vs time
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Figure 6.2 Rest potential and LPR results for specimens PC-.4-WATER, PC-.4- 
3.5%NaCh PC-.4-4.367%NAAC and PC-.4-6.181%CMA, (ponding solution and 
depth of steel bars are shown in the legend)
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Figure 6.3 Rest potential and LPR results for specimens PC-.65-WATER, PC- 
■65-3.5%NaCl, PC-.65-3.5%NAAC and PC-.65-3.5%CMA, (ponding solution and 
depth of steel bars are shown in the legend)
- 107
Chapter 6: Corrosion Monitoring Results and Discussion
Rest potential vs time
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Figure 6.4 Rest potential and LPR results for specimens PC .65-WATER. PC- 
■65-3.5%NaCl PC-.65-4.367%NAAC and PC-.65-6.181%CMA, (ponding solution 
and depth of steel bars are shown in the legend)
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Rest potential vs time
0.2
0.1
0
■0.1
- 0.2
-0.3
-0.4
-0.5
10 12initial 2 4 6 8 20 2414 16 18 22
2-weekly cycles
■ Water 10mm - - -  -W ate r 25mm
■ NaCI 3.5% 25mm  NaCI 3.5% 40mm
-NAAC 3.5% 40mm ----------- CMA 3.5% 10mm
— Water 40mm 
-N A A C  3.5% 10mm 
- CMA 3.5% 25mm
— NaCI 3.5% 10mm 
-N AAC  3.5% 25mm
— CMA 3.5% 40mm
Current density vs time
10 1
Eo
<
3 .
I
O)o
0.01
initial 4 6 8 10 122 14 16 18 20 22 24
2-weekly cycles
-W ater 10mm - - -  - Water 25mm
■ NaCI 3.5% 25mm  NaCI 3.5% 40mm
- NAAC 3.5% 40mm  CMA 3.5% 10mm
• Water 40mm
■ NAAC 3.5% 10mm
• CMA 3.5% 25mm
■ NaCI 3.5% 10mm
■ NAAC 3.5% 25mm 
• CMA 3.5% 40mm
Figure 6.5 Rest potential and LPR results for specimens SIFU-.4-WATER, SIFU- 
■4-3.5%NaCh SIFU-.4-3.5%NAAC and SIFU-.4-3.5%CMA, (ponding solution and 
depth of steel bars are shown in the legend)
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Figure 6.6 Rest potential and LPR results for specimens SIFU .4-WATER. SIFU- 
■4-3.5%NaCl. SIFU-.4-4.367%NAAC and SIFU-.4-6.181%CMA, (ponding solution 
and depth of steel bars are shown in the legend)
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Figure 6.7 Rest potential and LPR results for specimens SIFU-.65-WATER, 
SIFU-.65-3.5%NaCl SIFU-.65-3.5%NAAC and SIFU-.65-3.5%CMA. (ponding 
solution and depth of steel bars are shown in the legend)
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Figure 6.8 Rest potential and LPR results for specimens SIFU-.65-WATER, 
SIFU-.65-3.5%NaCl SIFU-.65-4.367%NAAC and SIFU-.65-6.181%CMA. (ponding 
solution and depth of steel bars are shown in the legend)
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6.3 Photographic records of extracted bars
The photographic records of the steel bars extracted from the concrete specimens after 
1 year of testing, are presented in Figures 6.9-6.20. The bars were photographed 
immediately after their extraction. In the photographs of this section, the bars are 
shown in sets of three. The sets at the top, middle and bottom of each picture 
represent the sets at depths of 10mm, 25mm and 40mm respectively.
The bars were gently cleaned of attached cement paste with a cloth after extraction, in 
order to make signs of corrosion more visible. No corrosion product was scrubbed or 
removed from the extracted bars in any way. The photographs were taken 
immediately after extraction to ensure that any corrosion product seen on them would 
be from the controlled exposure to the chemicals used in this study.
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Mniii
PC-.4-WATER
PC-.65-WATER
Figure 6.9 Bars extracted from PC specimens ponded with water
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m
SIFU-.4-WATER
SIFU-.65-WATER
Figure 6.10 Bars extracted from 90% PC / 10% Silica Fume specimens ponded 
with water
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Figure 6.11 Bars extracted from PC specimens ponded with 3.5% NaCI solution
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SIFU-.65-3.5%NaCl
Figure 6.12 Bars extracted from 90% PC / 10% Silica Fume specimens ponded 
with 3.5% NaCI solution
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Figure 6.13 Bars extracted from PC specimens ponded with 3.5% NAAC solution
- 118
Chapter 6: Corrosion Monitoring Results and Discussion
iWp»
O S E
Il 11 j liaiiii
PC-.4-4.367%NAAC
i#F"'
,,rr
-1  ^• •IIJ.IIIMI 'k-MMÊP
PC-.65-4.367%NAAC
Figure 6.14 Bars extracted from PC specimens ponded with 4.367% NAAC 
solution
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SIFU-.65-3.5%)NAAC
Figure 6.15 Bars extracted from 90% PC / 10% Silica Fume specimens ponded 
with 3.5% NAAC solution
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40mm
SIFU-.4-4.367%NAAC
.
- fnm
SIFU .65-4.367 % NAAC
Figure 6.16 Bars extracted from 90% PC / 10% Silica Fume specimens ponded 
with 4.367% NAAC solution
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Figure 6.17 Bars extracted from PC specimens ponded with 3.5% CMA solution
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Figure 6.18 Bars extracted from PC specimens ponded with 6.181% CMA solution
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m mSIFU-.4-3.5%CMA
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SIFU-.65-3.5%CMA
Figure 6.19 Bars extracted from 90% PC / 10% Silica Fume specimens ponded 
with 3.5% CMA solution
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SIFU-.65-6.181%CMA
Figure 6.20 Bars extracted from 90% PC / 10% Silica Fume specimens ponded 
with 6.181% CMA solution
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6.4 Ponding solution pH shift, and depth of carbonation 
measurements
The measurements of pH and depth of carbonation tests did not form part of the 
corrosion monitoring in this study. Their inclusion in this chapter is due to the fact 
that they were conducted on the specimens used for electrochemical monitoring and 
therefore their results would relate closely to the corrosion study.
6.4.1 Ponding solution pH shift measurements
The pH monitoring ran concurrently with the corrosion monitoring and the pH of the 
ponding solutions was measured at the end of each wet half-cycle. The ponding basin 
was sealed with cling film throughout the duration of the wet cycles, which prevented 
evaporation and ensured that any pH shift in the solutions would be solely due to their 
contact with the specimens. Figures 6.21 and 6.22 below illustrate the values of the 
pH shift at the end of every wet cycle, over a period of one year. The pH shift is the 
difference between the pH of the original solution and the pH of the solution at the 
end of the wet half-cycle. A positive shift represents an increase of the pH, while a 
negative shift represents a decrease of the pH. The initial values of the ponding 
solutions are tabulated in Table 6.1, below. It can be observed that the all the acetate 
solutions exhibit pH values in close proximity, regardless of the difference in 
concentration, while the pH values of water and of the NaCl solution are lower and in 
close proximity to each other. All ponding solutions exhibit pH values lower than the 
typical values reported for the pore solution in a typical Portland cement [2].
Solution pH
Water 735
3.5% NaCl 7.17
3.5% NAAC &6I
4.367% NAAC 8.62
3.5% CMA 8.62
6.181% CMA 8.94
Table 6.1 Original pH values of the ponding solutions (before ponding)
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a) PC specimens with W/C=0.4
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b) PC specimens with W/C=0.65
Figure 6.21 pH shift at the end of ponding eveles, for solutions ponded on PC 
specimens with a) W/C-Q.4 and b) W/C=0.65 vs time (ponding solution is shown in 
the legend)
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Figure 6.22 pH shift at the end of ponding cycles, for solutions ponded on 90% PC 
/ 10% Silica Fume specimens with a)W/C=0.4 and b) W/C-0.65 vs time (ponding 
solution is shown in the legend)
A common feature in Figures 6.21 and 6.22 is that the positive pH shift is higher 
within the first few weeks of exposure, and that it constantly decreases in magnitude 
until it becomes fairly stable between the 8'*^ and 12^  ^ two-weekly cycle of exposure.
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This could be due to leaching of calcium hydroxide from the top layers of the concrete 
specimens. Eventually, calcium hydroxide gets depleted due to leaching and the 
progress of hydration and thus, becomes less available. This probably leads to the 
subsequent lower pH shifts.
Exceptions to this general observation are the pH shift values of CMA solutions. They 
seem to exhibit a pH drop of about 1.00 throughout the duration of this monitoring. 
The only CMA solutions exhibiting positive pH shift are the ones ponded on 
specimens with W/C=0.65, regardless of binder types, for the first 1 to 2 two-weekly 
cycles of exposure.
Another trend is that, in all cases, the highest pH shift is exhibited by the NaCl 
solutions, the second highest by the ponding water used in this study, the third by the 
NAAC solutions, while, as mentioned above, CMA solutions, almost always exhibit 
pH drop. These results are discussed in section 6.5.2
6.4.2 Depth of carbonation tests
The corrosion monitoring specimens were broken across their width with the help of a 
3-point bending machine. The testing procedure is described in detail in section 5.4.4. 
In Figures 6.23-6.26, the two fracture faces of each specimen have been sprayed the 
corresponding pH colour indicator. In all images, the fracture face at the top is the one 
sprayed with the alizarin solution while the one at the bottom is the one sprayed with 
the phenolphthalein solution.
These tests reveal that none of the de-icer solutions used caused noticeable 
carbonation in any of the specimens throughout 1 year of exposure. This is perhaps 
due to the nature of the exposure regime chosen; the specimens were lined on all sides 
but the ponding basin, and during the one week dry half-cycles they probably 
remained relatively saturated, as they were kept at high humidity (70% R.H.). Overall, 
this probably contributed to preventing carbonation from happening. Naturally, due to 
their exposure to air some calcium carbonate will have formed on the surface but it is
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not noticeable by means of colour indicators. SEM imagery in Chapter 7 provides 
more information about surface compound formations.
o
Iÿ W-A-±S0c^ A A C  <
Figure 6.23 Fresh fracture faces of PC corrosion testing specimens with W/C=0.4, 
spraved with solutions of pH colour indicators Phenolphthalein (bottom) and Alizarin 
(top) after 1 vear of exposure to de-icer ponding solutions
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Figure 6.24 Fresh fracture faces of 90% PC / 10% silica fume corrosion testing 
specimens with W/C=0.4, spraved with solutions of pH colour indicators 
Phenolphthalein (bottom) and Alizarin (top) after 1 vear of exposure to de-icer 
ponding solutions
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Figure 6.25 Fresh fracture faces of PC corrosion testing specimens with W/C-0.65. 
spraved with solutions of pH colour indicators Phenolphthalein (bottom) and Alizarin 
(top) after 1 vear of exposure to de-icer ponding solutions
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Figure 6.26 Fresh fracture faces of 90% PC / 10% silica fume corrosion testing 
specimens with W/C=0.65, spraved with solutions of pH colour indicators 
Phenolphthalein (bottom) and Alizarin (top) after 1 vear of exposure to de-icer 
ponding solutions
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6.5 Discussion of corrosion monitoring results
6.5.1 Discussion on results of corroding bars
6.5.1.1 Corroding bars with consistent electrochemical and visual 
inspection results
An initial inspection of the corrosion monitoring results obtained through both rest 
potential measurements and the LPR technique leads to the general observation that 
after one year of exposure to the de-icer solutions there are very few signs of rebar 
corrosion. In fact, the only bars which seem to be corroding are the bars with 10mm 
cover of PC-.65-3.5%NaCl (Figure 6.4). This comes as no surprise, as the cover 
concrete in this specimen is probably the most permeable one of all used due to its 
high W/C ratio and the lack of silica fume. This is compounded by the fact that NaCl 
is known to be aggressive towards reinforcement due to the action of chloride ions, as 
discussed in section 2.3.3.4. This finding is corroborated by the visual inspection of 
the bars extracted from the specimen at the end of the one-year monitoring. Figure 
6.11, where one can observe the non-uniformly distributed, dark coloured corrosion 
product, which is characteristic of chloride ion-induced, “pitting” corrosion.
Corrosion acceleration mechanisms were not used to avoid interference with the 
investigation. For instance, higher temperatures to increase the rate of reactions were 
not employed as they could result to compound formations in the concrete paste, 
which would otherwise not be present. Also, an increase of the concentration of the 
NaCl in solutions would be far removed from conditions on site.
6.5.1.2 Bars with conflicting electrochemical and visual inspection 
results
More uniformly distributed corrosion products can be seen on some of the extracted 
bars, despite the fact that the electrochemical data may not indicate that this 
phenomenon is taking place. This is often due to initial corrosion of steel in the wet
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environment of fresh concrete, within hours after casting. After passivation, this initial 
corrosion stops but its product remains in place. This light-reddish product is loose 
and when the bars are extracted, it usually remains attached to the surrounding 
concrete, although it can be easily scrubbed off. This corrosion product is usually 
more evident on the bottom bars, less evident on the middle bars and non-existent on 
the top bars. It should be remembered that the specimens were cast with the ponding 
basins located at the bottom and they were placed in the curing room in that same 
position. Therefore, during that period, the bottom bars were in fact on top, which 
placed them close to the only non-lined area of the specimen for a few days. Thus, 
higher oxygen availability along with the wet environment of the pore solution may 
have caused the formation of this initial corrosion layer. One will observe that the 
specimens where this phenomenon is manifest more frequently are the 0.65 W/C ratio 
specimens containing silica fume. Apart from the higher W/C ratio which implies 
higher permeability and availability of oxygen, the inclusion of silica fume is also 
conducive to this initial corrosion through its characteristic quick consumption of 
Ca(0H)2, and lower resulting alkalinity of the pore solution. Neville [2] suggests that 
a 10% replacement of cement by silica fume results to a pH lowering of 0.5 in mature 
pastes.
This short-lived initial corrosion, naturally, does not reflect in the electrochemical 
corrosion measurements as those commenced after the end of curing, by which point 
in time, the bars had effectively already passivated.
6.5.2 Discussion on interaction between the ponding solutions and pore 
solutions
As corrosion does not seem to be taking place at the reinforcement, with the exception 
of the 10mm bars of PC-.65-3.5%NaCl specimen, one might assume that there is not 
much else to conclude from the electrochemical monitoring, other than the 
observation that the acetate-based de-icers, when in contact with reinforced concrete, 
are benign towards reinforcing steel. However, a closer look at the rest potential 
measurements is a telltale with respect to the influence of the de-icers on the 
composition of the concrete pore solution, which, in these measurements, plays the
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role of the electrolyte. One will observe that the Rest Potential plots taken from 
specimens exposed to CMA closely coincide with measurements taken from “same- 
mix” specimens exposed to water, while the measurements from NAAC-exposed 
specimens correlate with the ones taken from the respective NaCl-exposed specimens. 
The reason behind the high degree of correlation between the measurements from 
samples ponded with NAAC and NaCl may be the sodium ions introduced into the 
pore solution. In rest potential measurements, the values obtained from specimens 
ponded with the two sodium-containing de-icers, are almost always more negative 
than values taken from samples ponded with CMA or water. This could be because 
the introduction of sodium ions in the pore solution renders it a better electrolyte.
It is curious, however, that measurements taken from specimens ponded with CMA 
are comparable with the ones taken from specimens ponded with water. The answer 
could lie in the light coloured residue on the surface of the concrete ponded with 
CMA over time. If this were to be a relatively impermeable layer which restricts the 
ingress of ions in the pore solution, it could explain why CMA affects the pore 
solution in the same way as water. Due to the magnesium content of CMA, it is 
possible that this residue on the concrete surface is magnesium hydroxide, also known 
as brucite, an insoluble and impermeable compound, which often forms on the surface 
of concrete submerged in seawater^ [2]. However, abrasion can break this layer down 
and form another one on the newly exposed concrete underneath, thus successively 
eroding the submerged structure. This theory, concerning the formation of Mg(0H)2 
on the concrete surface is reported by the observation of Santhanam et a l  [3,4], Lee 
et a l  [1] and other studies, who have identified brucite formation on concrete in 
contact with magnesium containing compounds, and was discussed previously, in 
section 2.5.4.2.
Further evidence that this phenomenon may be occurring is offered by the pH 
measurements illustrated in Figures 6.21 and 6.22. The CMA solutions are the only 
ones exhibiting pH drop at the end of the wet cycles. Brucite formation could also be
' Seawater consists of NaCl 27,000 ppm, MgCb 3,200 ppm, CaC12 500 ppm, MgSO^ 2,200 ppm, and 
CaS0 4  1,100 ppm approximately.
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behind this trend as the binding of the Mg^ "^  ions as well as the obstruction of 
Ca(0H)2 leaching could explain the lower pH at the end of wet cycles.
The above observations highlighted the need for a detailed microstructural study, 
especially in the vicinity of the surface of specimens ponded with CMA. The results 
of the microstructural investigation are presented and analysed in Chapter 7.
6.5.3 Discussion on the effects of varying tests parameters
6.5.3.1 Effects o f varying the ponding solution’s concentration of 
acetate-based de-icers
It becomes clear from the corrosion monitoring results, that variations in the 
concentration of CMA and NAAC do not produce significant differences in the 
electrochemical measurements obtained from the embedded steel bars. It should be 
noted though, that the variations were relatively small. The two concentrations used 
for the NAAC solutions were 3.5% b.w. and 4.367% b.w., while the variation was 
slightly more significant in the CMA solutions where the two concentrations were 
3.5% b.w. and 6.181% b.w. It cannot be said with certainty that differences in 
electrochemical measurements would not occur, if the variations were of higher 
magnitude.
Figures 6.27 to 6.30 illustrate rest potential plots selected from the results in section 
6.2, to highlight that the electrochemical behaviour of the embedded bars in 
specimens ponded with solutions of the same de-icer was similar, regardless of the 
concentration of these solutions. In the case of CMA, this observation reinforces the 
view discussed in section 6.5.2 that a dense layer forms on the concrete surface, and 
restricts the ingress of ions. Specifically, it is possible that the initial contact between 
concrete and CMA leads to the formation of brucite which inhibits the exchange of 
ions between the ponding and pore solutions regardless of the latter’s concentration. 
In the case of NAAC it is hard to draw conclusions based on the effect of varying the 
solution concentration, due to the small difference in concentration.
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Figure 6.27 Rest potential measurements from steel bars in specimens (a) PC-.4- 
4.367%NAAC & PC-.4-6.181%CMA, and (b) PC-.4-3.5%NAAC & PC-.4- 
3.5%CMA (the ponding solutions and depth of the bars are shown in the legend)
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Figure 6.28 Rest potential measurements from steel bars in specimens (a) PC-.65- 
4.367%NAAC & PC-.65-6.181%CMA. and (b) PC-.65-3.5%NAAC & PC-.65- 
3.5%CMA (the ponding solutions and depth of the bars are shown in the legend)
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Figure 6.29 Rest potential measurements from steel bars in specimens (a) SIFU-.4- 
4.367%NAAC & SIFU-.4-6.181%CMA. and (b) SIFU-.4-3.5%NAAC & SIFU-.4- 
3.5%CMA (the ponding solutions and depth of the bars are shown in the legend)
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Figure 6.30 Rest potential measurements from steel bars in specimens (a) SIFU- 
■65-4.367%NAAC & SIFU-.65-6.181%CMA. and (b) SIFU-.65-3.5%NAAC& SIFU- 
■65-3.5%CMA (ponding solutions and depth of the bars are shown in legend)
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6.53.2 Ejfect o f hinder type
The addition of 10% silica fume leads to improvements of the pore structure and the 
paste-aggregate interface zone, less permeable concrete and greatly reduced 
diffusivity of chlorides [2]. No corrosion was electrochemically recorded in any of the 
silica fume-containing specimens. There seems to be a tendency for the rest potential 
of the top bars of the 0.65 W/C ratio silica fume-containing specimen to drop below - 
200mV (Figure 6.7), which could suggest a tendency to corrode, but this is not 
corroborated by the corresponding LPR measurements. Some uniform loose corrosion 
product observed on the surface of some bars extracted from silica fume-containing 
specimens was discussed in section 6.5.1.2.
The inclusion of 10% silica fume was expected to greatly reduce the permeability of 
the concrete and the resultant diffusivity of ions [2]. It has already been mentioned 
that rest potential measurements from CMA-ponded specimens coincide closely with 
the ones taken from water-ponded specimens. This leads to the suggestion that a 
protective barrier layer may form, which obstructs the exchange of ions between the 
ponding and pore solutions. Figures 6.27 to 6.30 demonstrate that electrochemical 
measurements on CMA-ponded and NAAC-ponded samples containing silica fume, 
yield rest potential values in close proximity to each other. This confirms that the 
inclusion of silica fume has the expected effect of greatly obstructing the ingress of 
ions.
6.5.3.3 Effects o f varying the W/C ratio
As expected, the bars in W/C=0.4 specimens, irrespective of binder type, exhibited 
less corrosion tendency than the ones with the higher W/C ratio. This is clearly 
demonstrated in the electrochemical measurement plots of Figures 6.1 to 6.8. As 
mentioned above, the only bars which are corroding are the top bars of specimen 
PC.65-3.5%NaCl. This was no surprise, as a W/C ratio of 0.4 is expected to produce 
concrete with lower permeability and chloride diffusivity than a W/C ratio of 0.65.
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6.6 Summary
The conclusions drawn from the corrosion study in this Chapter can be summarised as
follows:
■ CMA and NAAC solutions have caused no corrosion of reinforcement after 1 year 
of exposure.
■ The low and high concentrations of CMA and NAAC solutions used in this study 
have yielded similar electrochemical measurements.
■ The only corroding bars were the bars with 10mm cover of PC-.65-3.5%NaCl 
after about 6-8 cycles of testing.
■ No corrosion was observed in bars embedded in specimens with W/C=0.4 as the 
latter are less permeable to chloride ions.
■ Silica fume inclusion has prevented corrosion in all specimens ponded with NaCl 
solutions. This is due to the well documented lower permeability that this 
pozzolana bestows on concrete, despite a lowering in the pH. Specifically, 
chloride diffusivity is reduced by about a factor of 5 for a replacement of 10% [2].
■ CMA ponding solutions cause similar rest potential measurements as water. This 
could be due to a surface layer, possibly brucite, which inhibits ion diffusion.
■ Some loose corrosion product observed in bars that indicated no corrosion during 
electrochemical testing is probably due to initial corrosion before passivation 
occurred.
■ There is a small divergence between the results taken from two different
potentiostats. One of the reasons is that, in the region of Erejf±20mV, the
polarisation scan was assumed linear when the manual Sycopel potentiostat was 
used, while the scan plots taken with the Gamry potentiostat were non-linear.
■ Particularly in the case of non-corroding bars, due to diffusion control or the
passive layer, the Butler-Volmer model is not always obeyed. It is however,
assumed valid for simplicity purposes.
■ The CMA-containing ponding solutions, unlike all other ponding solutions exhibit 
a lower pH at the end of wet half-cycles. It is speculated that this is due to the 
binding of Mg^ "^  and the formation of brucite on the surface which may be
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inhibiting leaching of calcium hydroxide. These pH changes at the end of wet 
half-cycle do not seem to be influenced greatly by the inclusion of silica fume. 
Contact with the de-icer solutions has not led to significant carbonation, or at least 
to an extent noticeable through the use of colour indicators.
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CHAPTER 7 RESULTS AND DISCUSSION OF
MICROSTRUCTURE INVESTIGATION
7.1 Introduction
In this chapter the results from the microstructure investigation are presented and 
discussed. The purpose is to examine how the de-icers under investigation affect the 
cement paste which they come in contact with. The effects of varying the composition 
of the binder, as well as the concentration of the ponded solution are also discussed. It 
should be noted that the immersion solution concentrations were designed to match 
those used in the corrosion testing, section 4.2.5.2, in order to provide correlation 
between electrochemical and the microstructural tests.
The techniques used in this microstructural investigation included Scanning Electron 
Microscopy (SEM), X-Ray Diffractometry (XRD), Differential Scanning Calorimetry 
(DSC) and Thermogravimetric Analysis (TGA), all of which are very commonly used 
to support concrete petrography. The specifics of the test specimens are described in 
detail in Chapter 5. The twenty four small-scale slab specimens, underwent an 
immersion regime of twenty five 14-day wet-dry cycles, i.e. one week immersed in 
their corresponding solutions and one week drying. Two types of binder were 
investigated, a) PC and b) 90% PC and 10% Silica Fume. A W/C ratio of 0.4 was 
adopted, as an PC cement paste mix with a W/C ratio of 0.65 was found to be subject 
to uncontrolled bleeding and sedimentation. Table 4.4 details the types and number of 
specimens used as well as the solutions they were immersed in throughout, the one 
year of testing.
The test results in this Chapter are presented separately for each type of test. This is 
followed by a discussion of all the results and the way in which they compare with 
each other and with the control specimens. An attempt is made to identify the 
mechanism of interaction between the cement paste and de-icer solutions in order to 
explain the compounds observed on the surface and deeper within the specimens.
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7.2 SEM images
Figures 7.1 to 7.44 are the most representative of the SEM images and element maps 
taken in this study. A complete set of all pictures taken, along with their associated 
element maps can be found in Appendix E in the accompanying CD. Two types of 
images are presented:
1) Images of the fracture face of specimens, as described in section 5.3.1, along with 
the corresponding element maps, whereby the surface of the specimen is located at the 
top of the image. The element maps presented are the ones which yielded adequate 
counts of the elements considered of significance to this study. Detection of the 
elements in the relevant maps is indicated by the light colours. Element maps could 
not be used quantitatively as the surfaces used were fracture faces and not flat, 
polished surfaces. This choice was made in the interest of preserving all the features 
and compounds that might have otherwise been affected by polishing. It should also 
be noted that at some ages, lower-resolution maps were taken for due to equipment 
problems. For this reason, visual comparison is meaningful between the element maps 
from the same surface. The images are, in most cases at a magnification of x600, 
except in the case of PC-CMA-6M and PC-CMA-IY where the surface phenomenon 
observed could not be fully observed and images at a magnification of x300 were 
required. The images were taken at the ages of 28 days, 6 months and 1 year from the 
commencement of the immersion regime (after the end of curing). Element maps were 
also taken at 3 months but provided no additional information and were only included 
in Appendix E in the accompanying CD. One exception to this were the 3-month 
maps for the specimens immersed in CMA solutions as a critical phenomenon was 
observed at that age.
2) Images of the exposed surface of specimens at the ages of 28 days, 3 months, 6 
months and 1 year from the commencement of the immersion regime are illustrated at 
magnifications of xl200 and x3000. Appendix E contains images from many different 
locations of the surface of the specimens at various magnifications the highest being 
x9000. The ones presented in this section are the images that are most indicative of 
the phenomena observed.
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Figure 7.1 SEM profile image and corresponding element maps for sample PC- 
WATER-28D. at a magnification of x600. The sample surface is at the top of the 
image
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Figure 7.2 SEM profile image and corresponding element maps for sample PC- 
WATER-6M. at a magnification of x60Q. The sample surface is at the top of the image
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Figure 7.3 SEM profile image and corresponding element maps for sample PC- 
WATER-1Y. at a magnification of x600. The sample surface is at the top of the image
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Figure 7.4 SEM images of the exposed faee of PC-WATER at a magnification of 
xI200 at four different ages from the end of curing.
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Figure 7.5 SEM images of the exposed face of PC-WATER at a magnification of 
x30Q0 at four different ages from the end of curing.
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Figure 7.6 SEM profile image and corresponding element maps for sample SIFU- 
WATER-28D, at a magnification of x6Q0. The sample surface is at the top of the 
image
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Figure 7.7 SEM profile image and corresponding element maps for sample SIFU- 
WATER-6M, at a magnification of x60Q. The sample surface is at the top of the image
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Figure 7.8 SEM profile image and corresponding element maps for sample SIFU- 
WATER-IY. at a magnification of x600. The sample surface is at the top of the image
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Figure 7.9 SEM images of the exposed face of SIFU-WATER at a magnification 
of xI20Q at four different ages from the end of curing.
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Figure 7.10 SEM images of the exposed face of SIFU-WATER specimens at a 
magnification of x3000 at four different ages from the end of curing.
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Figure 7.11 SEM profile image and corresponding element maps for sample PC 
NaCl-28D, at a magnification of x60Q. The sample surface is at the top of the image
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Figure 7.12 SEM profile image and corresponding element maps for sample PC- 
NaCl-6M, at a magnification of x6QQ. The sample surface is at the top of the image
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Figure 7.13 SEM profile image and corresponding element maps for sample PC 
NaCl-IY, at a magnification of x600. The sample surface is at the top of the image
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Figure 7.14 SEM images of the exposed face of PC-NaCI specimens at a 
magnification of xl20Q at four different ages from the end of curing.
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Figure 7.15 SEM images of the exposed face of PC-NaCI specimens at a 
magnification of x3000 at four different ages from the end of curing.
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Figure 7.16 SEM profile image and corresponding element maps for sample SIFU- 
NaCl-28D, at a magnification of x6Q0. The sample surface is at the top of the image
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Figure 7.17 SEM profile image and corresponding element maps for sample SIFU- 
NaCl-6M, at a magnification of x600. The sample surface is at the top of the image
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Figure 7.18 SEM profile image and corresponding element maps for sample SIFU- 
NaCl-lY, at a magnification of x600. The sample surface is at the top of the image
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Figure 7.19 SEM images of the exposed face of SIFU-NaCl specimens at a 
magnification of xl200 at four different ages from the end of curing.
- 179-
Chapter 7: Results and Discussion of Microstructure Investigation
¥
2 0pm
180-
Chapter 7: Results and Discussion of Microstructure Investigation
20pm
Figure 7.20 SEM images of the exposed face of SIFU-NaCl specimens at a 
magnification of x3000 at four different ages from the end of curing.
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Figure 7.21 SEM profile image and corresponding element maps for sample PC 
NAAC-28D, at a magnification of x600. The sample surface is at the top of the image
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Figure 7.22 SEM profile image and corresponding element maps for sample PC- 
NAAC-6M, at a magnification of x6Q0. The sample surface is at the top of the image
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Figure 7.23 SEM profile image and corresponding element maps for sample PC 
NAAC-IY, at a magnification of x6Q0. The sample surface is at the top of the image
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Figure 7.24 SEM images of the exposed face of PC-NAAC specimens at a 
magnification of xl2Q0 at four different ages from the end of curing.
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Figure 7.25 SEM images of the exposed face of PC-NAAC specimens at a 
magnification of x30Q0 at four different ages from the end of curing.
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Figure 7.26 SEM profile image and corresponding element maps for sample SIFU- 
NAAC-28D, at a magnification of x60Q. The sample surface is at the top of the image
- 193-
Chapter 7: Results and Discussion of Microstructure Investigation
SEM image
1 0 0 p m
Calcium map
1 0 0 p m
Silicon map
' 1 0 0 p m  '
Oxygen map
194
Chapter 7: Results and Discussion of Microstructure Investigation
1 0 0 p m
Phosphorus map
i n n p m
Sodium map
Figure 7.27 SEM profile image and corresponding element maps for sample SIFU- 
NAAC-6M, at a magnification of x6QQ. The sample surface is at the top of the image
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Figure 7.28 SEM profile image and corresponding element maps for sample SIFU- 
NAAC-IY, at a magnification of x60Q. The sample surface is at the top of the image
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Figure 7.29 SEM images of the exposed face of SIFU-NAAC specimens at a 
magnification of xl2Q0 at four different ages from the end of curing.
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Figure 7.30 SEM images of the exposed face of SIFU-NAAC specimens at a 
magnification of x3000 at four different ages from the end of curing.
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Figure 7.31 SEM profile image and corresponding element maps for sample PC 
CMA-28D, at a magnification of x600. The sample surface is at the top of the image
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Figure 7.32 SEM profile image and corresponding element maps for sample PC- 
CMA-3M, at a magnification of x600. The sample surface is at the top of the image
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Figure 7.33 SEM profile image and corresponding element maps for sample PC- 
CMA-6M, at a magnification of x6Q0. The sample surface is at the top of the image
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Figure 7.34 SEM profile imaâ&’ àrid cOtTesoonding elenient maps for sample PC- 
CMA-6M, at a magnification of x30D.7nie' sample surface is at the top of the image
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Figure 7.35 SEM profile image and corresponding element maps for sample PC- 
CMA-IY, at a magnification of x6QQ. The sample surface is at the top of the image
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Figure 7.36 SEM profile image and corresponding element maps for sample PC 
CMA-1Y, at a magnification of x30Q. The sample surface is at the top of the image
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Figure 7.37 SEM images of the exposed face of PC-CMA specimens at a 
magnification of x 1200 at four different ages from the end of curing.
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Figure 7.38 SEM images of the exposed face of PC-CMA specimens at a 
magnification of x3000 at four different ages from the end of curing.
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Figure 7.39 SEM profile image and corresponding element maps for sample SIFU- 
CMA-28D, at a magnification of x600. The sample surface is at the top of the image
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100pm
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Figure 7.40 SEM profile image and corresponding element maps for sample SIFU- 
CMA-3M, at a magnification of x6Q0. The sample surface is at the top of the image
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Figure 7.41 SEM profile image, and corresponding element maps for sample SIFU- 
CMA-6M, at a magnification of x600. The sample surface is at the top of the image
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Figure 7.42 SEM profile image and corresponding element maps for sample SIFU- 
CMA-1Y, at a magnification of x600; The: sample surface is at the top of the image
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Figure 7.43 SEM images of the exposed face of SIFU-CMA specimens at a 
magnification of x 1200 at four different ages from the end of curing.
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Figure 7.44 SEM images of the exposed face of SIFU-CMA specimens at a 
magnification of x300Q at four different ages from the end of curing.
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7.3 XRD results
Table 7.1 summarises the results of the XRD analysis, which was conducted as 
described in Chapter 5. Detailed reports, including peak lists and all the detected 
phases from the XRD scans can be found in Appendix D.
The inclusion of XRD testing in this study served as a means of identification and 
confirmation of the crystalline compounds shown in the SEM microscope images. 
The limitation, of course, of X-Ray diffractometry is that it does not detect non- 
crystalline compounds or compounds that make up less that 2% of the sample tested. 
As a result, some of the compounds seen with SEM imagery may not have been 
detectable with XRD for either of the above reasons. In many cases, crystalline 
features on the surface of specimens that could be seen with SEM were not detectable 
with XRD scans of material taken from a section of the prism specimens. In such 
cases, material was obtained from the specimens’ suiface by scraping as described in 
Chapter 5, and subject to XRD analysis.
Scans were obtained for 28-day cured PC and PC-Silica fume specimens as well as 
specimens after 3 months and I year of immersion following the regime used for the 
specimens tested with SEM described in section 7.2. It should be noted that the XRD 
results for specimen SIFU-CMA-3M were lost and are, therefore, not presented herein.
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Specimens
Phases detected by XRD
(“• ” indicates presence of the phase)
u
s
3 ft
n
E S
Ss 1
2 s
u
I
I
}£
I
zo
HU
*
PC -C U R ED
SIFU -C U R E D
PC -W A T E R -3M
P C -W A T E R -IY
SIFU -W A T E R -3M
SIFU -W A T E R -IY
PC-N aC l-3M
P C -N aC l-lY
SIFU -N aC l-3M
S IF U -N aC l-lY
P C -N A A C -3M
P C -N A A C -IY
SIFU -N A A C -3M
SIF U -N A A C -IY
PC -C M A -3M
P C -C M A -IY
SIFU -C M A -3M
SIF U -C M A -1Y
PC -W A T E R -SU R F-3M •
PC-W ATER - S U R F -1Y •
SIFU -W A T E R -SU R F-3M •
h-3 SIFU -W A T E R - SU R E -1Y •
PC -N aC l-SU R F -3M •
w P C -N aC l-S U R F -lY •
H SIFU -N aC l-SU R F-3M •
1 SIE U -N aC l-S U R F -lY •
w PC -N A A C -SU R F -3M •
u P C -N A A C -S U R F -IY •
SIFU -N A A C -SU R F -3M • •
Pi
p S IF U -N A A C -SU R F -IY •If} PC -C M A -SU R F-3M •  • •
P C -C M A -SU R F -IY •
SIEU -C M A -SU R F-3M •  • •
SIF U -C M A -SU R F -IY •
Table 7.1 Summarv of XRD analvsis results
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7.4 DSC and TGA results
The results of the thermal scans employed, are presented in graphical form in figures 
7.45 to 7.75. The scans were conducted after 28 days curing and also at 3 months, 6 
months and 1 year of immersion. The test samples were taken from the core of the 
prism specimens. For the 1 year specimens, samples were obtained by scraping the 
surface of specimens as in the case of the XRD tests, section 7.3. DSC and TGA were 
employed and scans for these two techniques were run concurrently. Due to 
experimental problems, the data for specimens SIFU-WATER-6M, SIFU-NAAC-6M 
and SIFU-CMA-6M were lost and so, no graphs are presented for these specimens. 
Moreover, due to faults in the equipment testing of a number of samples was delayed 
by several days. It is possible that during this time several samples exhibited 
carbonation despite being kept in air-tight containers. So the detection of carbonation 
in the core samples by DSC/TGA should not necessarily be considered a result of the 
exposure regime.
The DSC plot (shown in red) shows the heat flow in mcal/s, (red vertical axis on the 
right), as a function of the specimen temperature. Peaks in the curve (relative to the 
baseline) indicate either exothermic or endothermie reactions associated with the 
crystallisation or dissociation of the various compounds within the sample under test. 
By comparing these peaks with profiles obtained for pure compounds, it is possible to 
obtain a qualitative measure of the main compounds present in each test sample. The 
TGA plot (shown in blue), records the weight changes in percentage of the sample’s 
original weight (blue vertical axis on the left), as a function of temperature. Again, by 
comparing changes in weight to profiles obtained for pure compounds it is possible to 
identify the presence of compounds. It is important to note that exothermic reactions 
do not cause weight loss, while there is weight loss associated with endothermie 
reactions. The correlation of the TGA and DSC results can provide a more reliable 
measure of the compounds present in the samples tested. Table 7.2 shows temperature 
ranges for the expected endothermie peaks for a few compounds of interest, which 
could be present in the specimens, based on the results of the SEM and XRD analyses.
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Compound Chemical reaction Temperature, °C
Ca(0H)2 Ca(0H)2 — CaO + H2O 400 -  550
Mg(0H)2 Mg(0H)2 MgO + H2O 375 -  450
CaCOs CaCOs — CaO + CO2 650 -  800
Table 7.2 Decomposition reactions of different phases. 131
The temperature range used was between 25°C to 1250°C and scans lasted around 126 
minutes for each sample. The top horizontal axis shows time in increments of 5 
minutes in all graphs, while the bottom horizontal axis shows the temperature 
recorded at these increments. It can be observed that the temperature at these 
increments is not precisely the same for all samples but there is a difference of a few 
degrees Celsius only, which does hot obstruct comparison between graphs. It should 
also be noted that some instrumentation “noise” is observed in some graphs, in the 
form of some minor peaks with minimal duration. These peaks do not reflect the 
presence of compounds within the samples. Peaks at lower temperatures that detect 
the dehydration of hydrates in the paste are not discussed in detail as they are not 
critical in this investigation. Table 7.3 summarises the results of the DSC/TGA 
analysis.
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Figure 7.45 DSC (red plot line) and TGA (blue plot line) scan for sample PC- 
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DSC (red plot line) and TGA (blue plot line) scan for sample SIFU-
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Figure 7.47 DSC ('red plot line) and TGA ('blue plot line) scan for sample PC 
WATER-3M
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Figure 7.48 DSC (red plot line) and TGA (blue plot line) scan for sample PC- 
WATER-6M
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Figure 7.49 DSC (red plot line) and TGA (^ blue plot line) scan for sample PC- 
WATER-IY
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Figure 7.50 DSC (red plot line) and TGA (blue plot line) scan for sample SIFU- 
WATER-3M
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Figure 7.51 DSC (red plot line) and TGA (blue plot line) scan for sample SIFU- 
WATER-IY
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Figure 7.52 DSC (red plot line) and TGA (blue plot line) scan for sample PC 
NaCl-3M
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Figure 7.53 DSC (red plot line) and TGA (blue plot line) scan for sample PC- 
NaCl-6M
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Figure 7.54 
NaCl-lY
DSC (red plot line) and TGA ('blue plot line) scan for sample PC-
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Figure 7.57 DSC (red plot line) and TGA (blue plot line) scan for sample SIFU- 
NaCl-lY
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Figure 7.58 DSC (red plot line) and TGA (blue plot line) scan for sample PC- 
NAAC-3M
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NAAC-IY
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DSC (red plot line) and TGA (blue plot line) scan for sample PC-
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DSC (red plot line) and TGA (blue plot line) scan for sample SIFU-
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Figure 7.64 DSC (red plot line) and TGA (blue plot line) scan for sample PC- 
CMA-6M
243
Chapter 7: Results and Discussion of Mierostructure Investigation
T im e  (m in)
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125
100
u>
- -1 0  X  
- -12 
-- -1460 -
- -16
55 -
-18
-20
T e m p e ra tu re  (C®)
Figure 7.65 DSC ('red plot line) and TGA (blue plot line) scan for sample PC 
CMA-IY
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Figure 7.66 DSC (red plot line) and TGA (blue plot line) scan for sample SIFU- 
CMA-3M
-244
Chapter 7: Results and Discussion of Mierostructure Investigation
T im e  (m in)
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125
100
.g> 85
80 - - -  -2
-- -4
■ - -6
O)
- -10 X
- -12 
- -14
-16
-18
-20
T e m p e ra tu re  (C®)
Figure 7.67 DSC (red plot line) and TGA (blue plot line) scan for sample SIFU- 
CMA-IY
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Figure 7.68 DSC (red plot line) and TGA (blue plot line) scan for sample PC- 
WATER-SURF-IY
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Figure 7.69 DSC (red plot line) and TGA (blue plot line) scan for sample SIFU- 
WATER-SURF-IY
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Figure 7.70 DSC (red plot line) and TGA (blue plot line) scan for sample PC- 
NaCl-SURF-lY
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Figure 7.71 DSC (red plot line) and TGA (blue plot line) scan for sample SIFU- 
NaCl-SURF-lY
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Figure 7.72 DSC (red plot line) and TGA (blue plot line) scan for sample PC 
NAAC-SURF-IY
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Figure 7.73 DSC (red plot line) and TGA (blue plot line) scan for sample SIFU- 
NAAC-SURF-IY
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Figure 7.74 DSC (red plot line) and TGA (blue plot line) scan for sample PC- 
CMA-SURF-IY
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Figure 7.75 DSC (red plot line) and TGA (blue plot line) scan for sample SIFU- 
CMA-SURF-IY
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Specimens
Main Compounds detected by DSC/TGA 
(“L” indicates low quantities of the compound, “A” 
average quantities and “S” significant quantities)
Calcium Hydroxide, 
Ca(OH)2
Calcium Carbonate, 
CaCOa
Brucite,
M g(0H)2
PC-C U R ED
SIFU -C U R E D
PC -W A T E R -3M
PC -W A T E R -6M
P C -W A T E R -IY
SIFU -W A T E R -3M
SIFU -W A T E R -6M
SIF U -W A T E R -IY
PC -N aC l-3M
PC -N aC l-6M
P C -N a C l-lY
SIFU -N aC l-3M
SIFU -NaCI-6M
SIF U -N a C l-lY
PC -N A A C -3M
PC -N A A C -6M
P C -N A A C -IY
SIE U -N A A C -3M
SIFU -N A A C -6M
S IF U -N A A C -IY
PC-CMA-3M
PC -C M A -6M
PC-CMA-IY
SIE U -C M A -3M
SIFU -C M A -6M
SIFU -C M A -1Y
A
A
L
L
L
F
L
L
F
L
L
L
L
A
L
L
L
L
L
L
L
L
A
A
L
A
L
L
L
A
A
PC -W A TER - SU R F -1Y S
SIFU -W A T E R - SU R F -1Y S
P C -N aC I-SU R F -IY S
SIFU -N aC I-SU R F-IY A
P C -N A A C -S U R F -IY S
SIF U -N A A C -S U R F -IY S
P C -C M A -S U R F -IY S
SIF U -C M A -SU R F -IY S
A
L
Table 7.3 Summarv of DSC/TGA analvsis results
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7.5 Discussion of microstructure investigation results
7.5.1 Specimens exposed to water
7.5.1.1 PC specimens
It can be seen from SEM images and element maps in Figures 7.1 to 7.3, that 
throughout the 1 year of wet/dry cyclical immersion of PC specimens in water, no 
significant changes seem to be taking place within the paste. At 28 days, 6 months 
and 1 year after the end of the 28-day curing, the thin layer of carbon observed on the 
surface can be accounted for by the formation of calcium carbonate. This however, is 
a surface phenomenon and not advanced carbonation, and it may be related to the 
carbon coating of the samples.
The presence of this compound is observed in the surface images of Figures 7.4 and
7.5 at all ages; the calcium carbonate crystals have already formed at 28 days while at 
3 months hexagonal plates of calcium hydroxide are present. At 6 months and 1 year, 
calcium carbonate is the only mineral that can be observed in the surface of the 
samples. However, at these later ages the crystalline structure of calcium carbonate is 
less well defined due to what is believed to be carbonation of this outer layer.
It can be seen from Table 7.1 that at 3 months, XRD analysis on sections of these 
specimens detects calcite (CaCOs) and calcium hydroxide (Ca(0H)2), while at 1 year 
only calcium hydroxide is detected. This may mean that the calcite detected at 3 
months may be due to carbonation that occurred during the preparation of the sample 
for XRD testing. On samples of the same ages scraped from the surface, XRD showed 
only the presence of calcite, which confirms the features observed with the SEM, with 
the exception of the calcium hydroxide hexagonal plates observed with the SEM at 3 
months. This could be due to material preparation effects, as the pulverisation and 
subsequent drying of the scraped sample might have induced carbonation of a small 
quantity of the calcium hydroxide present.
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Thermal analysis techniques used in this study confirm the presence of calcium 
hydroxide in PC-WATER-3M, PC-WATER-6M and PC-WATER-IY, as an 
endothermie peak and an associated weight loss between approximately 450°C and 
500°C, as shown in Figures 7.47 to 7.49. Small endothermie peaks between 650°C and 
800°C indicate the presence of calcium carbonate in PC-WATER-6M and PC- 
WATER-IY, but these are likely to be due to carbonation during sample preparation 
as discussed in section 7.4. Thermal testing at the end of 1 year of exposure confirms 
the presence of calcium carbonate in PC-WATER-SURF-IY, Figure 7.68. It is 
detected as a large endothermie reaction and weight loss between 750°C and 850°C. It 
has previously been described as producing an endotherm between 650°C and 800°C, 
Table 7.2, or up to 850°C [5,6], but results exhibit small differences in different set­
ups and specimens. Thermal analysis of PC-WATER-SURF-IY, as was expected 
from SEM and XRD results, detected no calcium hydroxide on sample scraped from 
the surface.
7.5.1.2 PC /  Silica Fume specimens
Figures 7.6 to 7.8 suggest that the amount of calcium carbonate at the surface was 
lower in quantity (at 28 days) on water-ponded specimens in silica fume-containing 
specimens. This is thought to be due to the lower availability of calcium hydroxide 
caused by the presence of the silica fume, which is a highly reactive pozzolana. 
However, the calcium carbonate layer seems to be well formed at 6 months and 1 year. 
Images of the surface of these specimens. Figures 7.9 and 7.10, show similar features 
to the PC specimens discussed in section 7.5.1.1.
As shown in Table 7.1, XRD analysis on SIFU-WATER-3M and SIFU-WATER-IY, 
detected calcium hydroxide. Calcium magnesium aluminium silicate was detected in 
SIFU-WATER-IY. Calcium carbonate was found to be present in surface samples 
SIFU-WATER-SURF-3M and SIFU-WATER-SURF-IY, Table 7.1. No calcium 
hydroxide was detected in any of these surface samples.
The thermal analysis of SIFU-WATER-3M and SIFU-WATER-IY, Figures 7.50 and 
7.51, detects calcium hydroxide (endothermie peaks and associated weight loss
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between 450°C and 550°C, Table 7.2). Analysis of the surface sample SIFU-WATER- 
SURF-IY, Figure 7.69, showed the expected presence of calcium carbonate, which 
agrees with SEM and XRD results.
7.5.2 Specimens exposed to 3.5% NaCI solutions
7.5.2.1 PC specimens
Figures 7.11, 7.12 and 7.13 illustrate the cut profiles and the associated element maps 
from specimens PC-NaCl-28D, PC-NaCl-6M and PC-NaCl-IY. The distinct feature 
at all ages is the concentration of sodium at the surface, a phenomenon that is more 
evident at 6 months and 1 year. In addition, chlorine is found dispersed throughout the 
cut profile at all ages, although it seems to be in lower concentration in the top 50- 
75pm from the surface of the sample. SEM images of the surface, in Figures 7.14 and 
7.15 at 28 days show a deposit containing primarily Na"^  and Cl", Appendix E. 
Although at 3 months the surface features are not clear and appear to be amorphous, 
at 6 months one can see columnar crystals which seem to be calcium carbonate [6], 
while at 1 year, the composition of the features is uncertain. However, these are 
thought to be calcium carbonate, as well, as they seem to contain mainly Calcium and 
Carbon, Appendix E.
XRD analysis of PC-NaCl-3M, Table 7.1, detected only the presence of calcium 
hydroxide, as calcium carbonate was either not present or present in quantities less 
than 2%. However, calcium carbonate was detected, along with calcium hydroxide in 
PC-NaCl-lY. This could be due to carbonation induced during pulverisation and 
drying of the specimen prior to testing. Calcite was the only mineral detected by XRD 
in surface samples PC-NaCl-SURF-3M and PC-NaCl-SURF-IY.
Thermal analysis of PC-NaCl-3M, PC-NaCl-6M and PC-NaCl-IY, Figures 7.52, 7.53 
and 7.54, suggests the presence of calcium hydroxide. Calcium carbonate is also 
detected in PC-NaCl-6M and PC-NaCl-lY, but it could be due to sample handling as 
discussed in section 7.4. Analysis of PC-NaCl-SURF-lY, Figure 7.71, shows an 
endotherm and the associated weight loss between 650°C and 750°C, which indicates
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the presence of calcium carbonate on the surface, as expected by SEM and XRD 
results.
7.5.2.2 PC /  Silica Fume specimens
NaCl-exposed specimens containing silica fume exhibited very few differences 
compared to the PC specimens, with respect to the results of the SEM investigation. 
One difference was that on the SIFU-NaCl-SURF-28D specimens, the amorphous 
NaCl is not visible in the SEM images of Figures 7.19 and 7.20, and instead, only 
calcium carbonate crystals could be seen.
XRD analysis of SIFU-NaCl-3M and SIFU-NaCl-IY, Table 7.1, detected calcium 
hydroxide. Calcium magnesium aluminium silicate was detected only in SIFU-NaCl- 
3M. Calcite was, again, the only mineral detected in surface samples SIFU-NaCl- 
SURF-3M and SIFU-NaCl-SURF-lY by XRD.
Thermal analysis of SIFU-NaCl-3M, SIFU-NaCl-6M and SIFU-NaCl-IY, Figures 
7.55, 7.56 and 7.57, detected the presence of calcium hydroxide with peaks and 
associated weight loss between 450°C and 550°C. Analysis of SIFU-NaCl-6M also 
indicated the presence of calcium carbonate with an endotherm and weight loss 
between 650°C and 750°C but this could be due to carbonation during sample 
preparation prior to testing. Thermal analysis of SIFU-NaCl-SURF-lY, Figure 7.71 
indicated the presence of calcium carbonate on the surface. These results were 
consistent with what was expected based on SEM and XRD testing.
7.5.3 Specimens exposed to 4.367% NAAC solutions
7.5.3.1 PC specimens
Figures 7.21, 7.22 and 7.23 show the SEM images of the cut profile of PC-NAAC- 
28D, PC-NAAC-3M and PC-NAAC-IY along with their associated element maps. 
Element mapping detected sodium and phosphorus on the surface of the samples at 28 
days and 6 months. At 1 year, these deposits had precipitated a 25-30pm thick layer
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which contained calcium, carbon and phosphoms mainly in the upper half and lower 
quantities of sodium. Figure 7.77 offers a closer look at this layer. It is possible that 
this layer consists of calcium phosphates precipitating on the surface of the specimens. 
This has been found to be a common occurrence when de-icers contain phosphorus- 
based corrosion inhibitors, and recrystallised sodium acetate along with calcium 
carbonate [2]. This could indicate that leaching of calcium hydroxide leads to the 
formation of a calcium phosphate compound. Such a deposit could obstmct the 
interaction between the specimens and their surrounding solutions, acting therefore, as 
a protective barrier against ion ingress [2]. Alternatively, if deposited in cracks, it 
could enlarge their size through expansion, making the cement paste more susceptible 
to attack by aggressive agents.
The assumption that calcium phosphates may be present is supported by SEM images 
and element maps of the surface after I year of exposure. Figures, 7.24 and 7.25, and 
Appendix E. Element mapping of the I-year image of Figure 7.24 reveals that the 
predominant elements in the features seen are calcium and phosphorus. Figure 7.76. 
The presence of magnesium could suggest the presence of a small amount of 
magnesium phosphates. Figures 7.24, 7.25 and 7.76, indicate that the deposited layer 
in question is cracked in many locations and it is therefore, questionable whether it 
could provide a barrier against the ingress of aggressive agents.
XRD analysis of samples PC-NAAC-3M and PC-NAAC-IY, Table 7.1, did not detect 
the phosphates in question. XRD of sample PC-NAAC-3M detected ettringite, 
calcium hydroxide and calcite, while XRD of sample PC-NAAC-IY detected calcium 
hydroxide and calcite .The calcite detected in these samples may be due to 
carbonation during sample preparation for testing. Also, the phosphates in question 
did not seem to be present in specimens PC-NAAC-SURF-3M and PC-NAAC- 
SURF-IY, Table 7.1. This casts some doubt on whether the observed features are, in 
fact, precipitated calcium phosphates. Instead XRD of these specimens detected only 
the presence of calcite.
DCS/TGA results of specimens PC-NAAC-3M, PC-NAAC-6M and PC-NAAC-IY, 
Figures 7.58, 7.59 and 7.60, agree with the findings of the XRD analysis. 
Endothermie peaks and weight loss between 450°C and 550°C indicate that calcium
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hydroxide was detected. Calcium carbonate detected in samples PC-NAAC-6M and 
PC-NAAC-IY could be due to sample handling as discussed in section 7.4. On the 
surface sample PC-NAAC-SURF-IY, Figure 7.72 only calcium carbonate was 
detected (endothermie peak between 750”C and 820°C), which is also in agreement 
with the XRD.
Surface )d200 AI
Ca Mg Na
Figure 7.76 SEM image of the exposed face of PC-NAAC-SURF-1Y specimen at a
magnification of xl2QQ and associated element maps.
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' 20pm  '
Figure 7.77 SEM image of the cut profile of the observed laver of deposits on the 
surface of PC-NAAC-IY at a magnification of x3000, (sample’s exposed face at the 
top of the picture).
7.53.2 PC /  Silica Fume specimens
The microstructural investigation of the NAAC-exposed specimens containing silica 
fume yielded very similar results to those obtained from the investigation of the PC 
samples exposed to NAAC. The only significant differences were that phosphorus 
was detected by XRD in sample SIFU-NAAC-3M, Table 7.1. In the same sample, 
calcium magnesium aluminum silicate was also detected by XRD.
Table 7.4, summarises the depth and type of surface effects observed by SEM, during 
the I year of exposure of PC and silica fume-containing specimens to NAAC 
solutions.
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Specimens Depth of deposit layer observed (pm)
PC-NAAC-28D <10
PC-NAAC-6M <10
PC-NAAC-IY 25-30
SIFU-NAAC-28D <10
SIFU-NAAC-6M <10
SIFU-NAAC-lY 10-15
Table 7.4 Depth of and compounds in surface deposits in PC-NAAC and SIFU- 
NAAC specimens observed by SEM
7.5.4 Specimens exposed to 6.181% CM A solutions
7.5.4.1 PC specimens
Figures 7.31 to 7.36 show the SEM images of the cut profile of PC-CMA-28D, PC- 
CMA-3M, PC-CMA-6M and PC-NAAC-IY along with their element maps. Figures 
7.37 and 7.38 illustrate SEM images from the surface of specimens at the same ages 
of exposure. Table 7.5 below, summarises the depth and type of surface effects 
observed by SEM, during the 1 year of exposure of PC specimens to CMA solutions.
Depth of surface effects observed -
Successive layers o f deposits from original sample surface 
Specimens are shown in columns from left to right (pm)
Mg(0 H)2 (Brucite) CaCOa (Calcium Carbonate) I Total
PC-CMA-28D - - I
PC-CMA-3M 120 - 120
PC-CMA-6M 120-150 25-50 170
PC-CMA-IY 120-150 50-100 1 220
Table 7.5 Denth of and compounds in surface deposits in PC-CMA specimens
observed bv SEM
At 28 days there do not seem to be significant changes and no unexpected crystals or 
other features are evident on the SEM image of the surface of the specimens, while at 
3 months. Figure 7.32 there seems to be a 120pm thick layer of deposits covering the 
surface of the specimen. Magnesium seems to be the predominant element in this 
layer, suggesting that it probably consists of brucite. Brucite appears as sheeted 
crystals in the form of the rosette-like structures shown in Figures 7.37 and 7.38. This 
physical form is one of the “crystal habits” of brucite [1]. At 6 months. Figures 7.33-
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7.34, the thickness of the bmcite layer was 120-150pm and it was covered by 25- 
50pm calcium-containing deposit, which is thought to be calcium carbonate. For 
specimen PC-CMA-SURF-6 M, Figures 7.37 and 7.38, the bmcite is not rosette-like 
any more. The sheets of the “rosettes” observed at 3 months progressively changed 
and formed the tightly bound layer observed at 6  months. Calcium carbonate crystal 
growth is also observed and it accounts for the thin layer of CaCOs present in the 
element maps of Figures 7.33 and 7.34. This is supported by the element maps of the 
surface samples. Appendix E. At 1 year, the layer of calcium carbonate reached a 
thickness of 50-100pm, Figures 7.35 and 7.36, and it was the only compound 
observed on the surface. Figures 7.37, 7.38. This suggests that at 1 year the bmcite 
layer was “buried” underneath the calcium carbonate layer.
As seen in the literature review of Chapter 2 [4], Ca(0 H)2 becomes unstable at a pH 
of about 9 and magnesium from the CMA solution replaces Calcium to form Mg(OH)2 
commonly known as bmcite, following the reaction:
Mg^+ + Ca(0 H)2 Mg(0 H)2  + Equation 7.1
Since magnesium precipitates as bmcite, the calcium liberated, causes the CMA 
solution to contain more calcium acetate, thus increasing the Ca/Mg molar ratio of the 
immersion solution in every wet half-cycle. After the layer of relatively impenetrable 
bmcite reaches a thickness of about 120-150pm, it seems that contact of the CMA 
with the specimen leads to the depositing of CaCOg. This CaCOs seems to be the 
product of a reaction of the calcium acetate of CMA, probably with CO2 during the 
dry half-cycle, but the mechanism is not entirely clear. It should be noted that CaCOs 
does not seem to occur only in this top layer, but small pockets of calcium carbonate 
also exist in different locations at various depths within the bmcite layer. The reaction 
through which calcium carbonate may be produced could be as expressed by equation 
7.2, below.
6Cs?* + 6 CO2 + 1 2 CH3COO' eCaCOj + I2 CH3COOH (Equation 7.2)
The findings of the SEM investigation were in reasonable agreement with those of the 
XRD. XRD analysis for specimens PC-CMA-3M and PC-CMA-lY, Table 7.1,
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detected calcium hydroxide in both specimens. The calcite found in PC-CMA-3M 
may be a result of carbonation during sample preparation (pulverisation and drying) 
prior to testing. Unhydrated tricalcium silicate is also detected in the same specimen, 
Table 7.1. The presence of bmcite was not detected in these samples since it is a 
surface deposit and not in adequate quantity to be detected by XRD. However, as 
expected, bmcite was detected by XRD testing of the surface samples PC-CMA- 
SURF-3M and PC-CMA-SURF-IY, Table 7.1. XRD also detected calcite and 
aragonite in sample PC-CMA-SURF-3M, but surprisingly, no calcium carbonate was 
detected in sample PC-CMA-SURF-IY.
Thermal analysis detected the presence of calcium hydroxide, in specimens PC-CMA- 
3M, PC-CMA-6M and PC-CMA-lY, Figures 7.63, 7.64 and 7.65, as expected. 
Calcium carbonate was also detected in these samples but its presence could be due to 
sample handling, section 7.4. Also, consistent with the rest of the investigative 
techniques, are the results of the thermal analysis of surface sample PC-CMA-SURF- 
IY, Figure 7.74, where bmcite and calcite are the two minerals detected as being 
present.
7.5.4.2 PC /  Silica Fume specimens
Similar trends can be observed in the SEM investigation of SIFU-CMA specimens. 
Table 7.6 below, summarises the depth and type of surface effects observed by SEM, 
during the 1 year of exposure of silica fume-containing specimens to CMA solutions.
Depth of surface effects observed -
Successive layers o f deposits from original sample surface 
Specimens are shown in columns from left to right (pm)
Mg(0 H)2 (Brucite) CaCOa (Calcium Carbonate) I Total
SIFU-CMA-28D 0-10
SIFU-CMA-3M 40-50 - 40-50
SIFU-CMA-6M 40-50 40-50 90
SIFU-CMA-IY 40-50 70-100 (md. M g ( 0 H ) 2 ) 140
Table 7.6 Depth of and compounds in surface deposits in SIFU-CMA specimens 
observed bv SEM
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Magnesium is detectable on the surface of the specimens at 28 days of exposure 
(Figure 7.39). At 3 months (Figure 7.40) there is an approximately 40-50pm thick 
layer of bmcite, intermpted at different locations by what is thought to be calcium 
carbonate. At 6 months the bmcite layer is covered by a calcium carbonate layer of 
approximately equal thickness. Figure 7.41.
It is significant that at 6 months, the deposited layers seem to be detached from the 
main body of the paste, in the SEM image, and a gap can be observed at this interface. 
At 1 year of exposure. Figure 7.42, the layer of bmcite seems to have broken down at 
places, and the approximately 70-100pm thick layer of calcium carbonate on top 
includes large pockets of bmcite formations. Its upper layers however appear to 
contain only calcium carbonate. The observations at 1 year could be the result of 
expansion of bmcite and calcium carbonate crystals. Expansion could also account for 
the gap observed between the deposits and the main body of the paste. SEM images of 
the surface of these samples at 28 days, 3 months, 6 months in Figures 7.43 and 7.44 
and their element maps. Appendix E, confirm the presence of both brucite and 
calcium carbonate crystals. At 1 year, again in agreement with the element maps, 
what is thought to be calcium carbonate is the only visible compound on the surface 
of the specimen, Figures 7.43 and 7.44.
The mechanism that results in the formation of the deposits is likely to be the same as 
in the case of the PC-CMA specimens. The smaller thickness of the bmcite layer in 
the case of SIFU-CMA specimens indicates its relation to the availability of calcium 
hydroxide, which is lower due to its consumption by silica fume. The fact that the 
calcium carbonate layer started forming on top of a thinner bmcite layer in the case of 
SIFU-CMA specimens than it did in the case of PC-CMA specimens, is perhaps 
evidence of the fact that a thinner layer of bmcite is adequate to impede leaching of 
calcium hydroxide, when silica fume is included.
XRD analysis supported the SEM findings. Calcium hydroxide, calcite and bmcite 
were detected in SIFU-CMA-1Y by XRD, Table 7.1. This means that the quantity of 
brucite present in the sample at 1 year, was adequate for detection by XRD. XRD also 
detected the presence of bmcite, calcite and aragonite in surface sample SIFU-CMA-
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SURF-3M. Only calcite was detected in SIFU-CMA-SURF-IY, Table 7.1, although 
the presence of bmcite was expected to be detected at this age as well.
Thermal analysis produced reasonably similar results; Calcium hydroxide was 
detected in both samples SIFU-CMA-3M and SIFU-CMA-lY, Figures 7.66 and 7.67. 
Calcium carbonate was also detected in SIFU-CMA-IM, which could be due to 
carbonation during sample handling, section 7.4. As in the case of PC-CMA-SURF- 
IY, bmcite and calcium carbonate were detected in SIFU-CMA-SURF-1Y by the 
thermal techniques. This confirms that bmcite is present in sample SIFU-CMA- 
SURF-1Y although this compound went undetected by XRD.
7.6 Summary
The findings of the microstmctural investigation with respect to the effect of the two
acetate de-icers under examination can be summarised as follows:
■ Water does not seem to produce any noticeable changes in the microstmcture after 
a period of 1 year of exposure.
■ Wet/dry exposure to NaCl solutions seems to lead to chloride ion penetration 
within the specimens. However, after 1 year of exposure chlorine-containing 
compounds were not detected by XRD of DSC/TGA. Silica fume inclusion does 
not seem to produce noticeable changes.
■ Wet/dry exposure to NAAC solutions seems to lead to the formation of 
compounds, which appear to be calcium and perhaps magnesium phosphate 
deposits on the surface of the specimens, from the results of SEM imagery and 
element mapping. This is, however, unconfirmed by the findings of the XRD and 
thermal analyses; thus the existence of these phosphates remains in doubt. 
Phosphorus is detected by XRD in specimen SIFU-NAAC-3M. The phosphoms- 
containing compounds, on the surface of the PC-NAAC and SIFU-NAAC 
specimens are the result of the 1% phosphoms-based corrosion inhibitor included 
in the commercial NAAC under investigation. This inhibitor contains 7.5ppm 
phosphoms.
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The phosphoms-containing deposits on the surface may act as a barrier between 
the paste and its environment. However, large cracks are observed on the surface 
of these deposits, which may mean that they do not always offer effective 
protection from the ingress of aggressive agents.
Contact with CMA solutions appears to lead to the formation of a layer of bmcite 
on the surface specimens. This layer is thicker in the case of PC-CMA specimens 
than it is in the case of SIFU-CMA ones, as its formation depends on the 
availability of calcium hydroxide from the paste; calcium hydroxide is less 
available in SIFU-CMA specimens, due to its consumption by silica fume. Within 
this bmcite layer there seem to be pockets of calcium carbonate formation. The 
reason for this may be the extra availability of calcium acetate in the immersion 
solutions at the end of wet half cycles; this calcium acetate, when in contact with 
carbon dioxide in dry cycles may be responsible for calcium carbonate formation. 
In both PC-CMA and SIFU-CMA specimens, on top of the aforementioned 
deposited bmcite layer, the formation of an additional layer of what is thought to 
be calcium carbonate, is observed. As leached calcium hydroxide gets depleted 
due to both availability, and obstmction by the bmcite layer, the magnesium 
acetate in CMA does not react with Ca(0H)2 to produce bmcite any more. Instead, 
calcium acetate may be responsible for the calcium carbonate deposits, although 
the exact mechanism is not entirely clear.
The outer calcium carbonate layer includes large pockets of bmcite, while the 
underlying bmcite layer seems broken down at points. This may be an indication 
that (due to expansion of bmcite or calcium carbonate or both), the layer of 
bmcite, breaks down at some points, and allows more calcium hydroxide to leach 
therefore giving rise to further bmcite formation. This phenomenon is more 
evident in the case of SIFU-CMA specimens, where the bmcite layer is thinner.
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CHAPTER 8 RESULTS AND DISCUSSION OF
PHYSICAL PROPERTIES 
INVESTIGATION
8.1 Introduction
In this chapter the results from the physical properties investigation tests employed in 
this study, in Chapters 4 and 5, are presented and discussed. The purpose of these tests 
was to investigate the effects of the de-icers on the cement matrix as, described in 
Chapter 7, reflect on the physical properties of the cement paste.
The techniques used in this chapter include flexural and compressive strength tests as 
well as total porosity and water absorption tests. As shown in Table 4.5 in chapter 4, 
flexural strength tests were conducted for specimen ages up to 1 year after curing, 
while the other tests were conducted for specimen ages of up to 3 months. The reason 
for this was that the total porosity and water absorption tests were designed to 
investigate a surface phenomenon observed through the microstmctural investigation 
on the CMA-exposed specimens. As this observation was made relatively late in the 
study, only short term testing of these properties was feasible. This was felt to be 
adequate, as the observed phenomenon should manifest its effect on physical 
properties within the first 3 months of exposure. This also gave the opportunity to cast 
a number of extra specimens in order to conduct compressive strength tests for a 
period of 3 months after the end of curing.
8.2 Flexural and compressive strength tests results
Figures 8.1 and 8.2 show the results of the flexural strength tests conducted over a 
period of 1 year of exposure. Figures 8.3 and 8.4 represent the compressive strength 
measurements for a period of 3 months of exposure. Details of the specimens used are 
described in section 4.3.3.3 and the testing process outlined in section 5.4.1. The ages 
after curing at which the specimens were tested are presented in Table 5.2. Each one
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of the values at any age for sample is the average of five readings taken from the same 
number of specimens, Table 4.5.
In the case of the flexural strength tests, it was not possible to test five specimens at 
all ages as several specimens were not suitable for testing due to deterioration from 
the exposure regime. It is worth noting that none of specimens FL-SIFU-NAAC-IY 
and FL-SIFU-NaCl-lY could be tested. Also only one FL-SIFU-WATER-IY, two 
FL-SIFU-CMA-IY and one FL-SIFU-CMA-6M could be tested.
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Figure 8.1 Flexural strength test results for PC specimens
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Figure 8.2 Flexural strength test results for 90% PC/10% Silica Fume specimens
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Figure 8.3 Compressive strength test results for PC specimens
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Figure 8.4 
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Compressive strength test results for 90% PC / 10% Silica Fume
8.3 Total porosity test results
Figures 8.5 and 8,6 show the results of the total porosity tests for a period of 3 months 
of exposure. Details of the specimens used are described in section 4.3.3.3 and the 
testing process is outlined in section 5.4.2. Test ages are presented in Table 5.2. Each 
value (at any age) is the average of four readings taken from four corresponding 
specimens as shown in Table 4.5.
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Figure 8.5 Total porosity test results for PC specimens
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Figure 8.6 Total Porosity test results for 90% PC / 10% Silica Fume specimens
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8.4 Water Absorption test results
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Figure 8.7 Water absorption test results for PC specimens
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Figure 8.8 Water absorption test results for 90% PC /10% Silica Fume specimens
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8.5 Discussion of the physical properties test results
8.5.1 Flexural and compressive strength tests
At a glance, it is hard to observe distinct trends in the development of flexural 
strength of the cement paste specimens immersed in the selected de-icer solutions. For 
the PC specimens in Figure 8.1, up to 6 months of exposure to the wet/dry regime the 
specimens immersed in water exhibit consistently higher flexural strength. A slight 
decrease is recorded between the ages of 6 months and I year, which may be due to 
leaching of calcium hydroxide. Between these two ages the specimens exposed to 
NAAC and NaCl solutions exhibit a significant increase in flexural strength. The FL- 
PC-CMA-IY specimens exhibit a slight increase in flexural strength with respect to 
the corresponding specimens at 6 months. At 1 year, they have the lowest flexural 
strength compared to the other specimens at that age. This may be linked to an 
increased leaching of Ca(0H)2 as observed in the literature [1,2]. However, there is no 
evidence to suggest the décalcification of C-S-H and the formation of M-S-H. Despite 
the relatively low Ca/Mg molar ratio, the exposure at room temperature and the 
aggressive nature of wet/dry cycles, the effect on the specimens does not seem 
detrimental. This is contrary to what one would expect based on some of the literature, 
as discussed in section 2.5.4. However, there is a significant conflict in the literature, 
see section 2.5.3.2, regarding the effects of CMA on the cement matrix. The 
mechanism behind the aggressive nature of the de-icer as recorded in some studies is 
not entirely clear, although all studies agree that it is linked to the presence of 
magnesium. However, after one year of testing, the brucite on the surface, whose 
presence has been confirmed and reported in chapter 7, does not seem to have a 
detrimental effect on the flexural strength of PC specimens.
In the case of the silica fume-containing specimens. Figure 8.2 paints a different 
picture. There is a marked decrease in flexural strength in all specimens from the 
onset of wet/dry exposure regime, with the exception of the specimens exposed to 
CMA which exhibit a slight increase in flexural strength up to 28 days of exposure. 
After the first 28 days of exposure all specimens consistently show a loss of flexural 
strength with the exception of FL-SIFU-WATER-6M which exhibits a small increase.
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After 1 year of exposure all specimens, are almost impossible to test and their flexural 
strength approaches zero. As there is no distinct behaviour, based on the de-icer 
solutions, this is probably due to the inclusion of silica fume. Although this particular 
additive is effective in increasing the compressive and flexural strength of concrete 
and mortar, it does so by improving the bond between the cement matrix and the 
aggregates [3]. However, when it is used as an inelusion in cement paste mixes it does 
not have these desirable effects. Relevant literature even records a decrease in flexural 
strengths for an addition of more than 8% silica fume in cement paste specimens [4]. 
This is compounded by the fact that, contrary to other pozzolanas such as fly ash, the 
inclusion of silica fume has negative effects on strength when a wet/dry cyclical 
exposure regime is followed, with studies in the literature recording significant loss of 
strength in such cases [5]. Therefore, the trend observed in Figure 8.2 is consistent 
with published data, although it does not provide evidence on the way different de- 
icers impaet silica fume-containing cement paste.
The same effect of silica fume on cement paste specimens is also observed on the 
compressive strength results, with the specimens that contain the pozzolanas, 
exhibiting lower strength at all ages. These compressive strength results, whieh were 
taken over a period of only 3 months, cannot provide a trend that would indicate 
distinctly different behaviour among specimens exposed to different de-icer solutions.
8.5.2 Total porosity tests
Despite the short period of testing for both binder types employed, the specimens 
exposed to CMA solutions, consistently exhibit lower porosity than the rest of the 
specimens. An argument could be made that this is perhaps due to the formation of 
brucite on the surfaee of such specimens, as discussed in chapter 7. It is possible that 
the measured total porosity values for the CMA-exposed specimens may be 
misleading as the specimens may not have been able to become completely saturated 
in the vacuum, due to the insoluble and tightly bound brucite layer on the surface. 
Thus, the difference in the measured porosity of these specimens may in fact be an 
indication of the slower rate of water penetration.
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The results of the microstmctural studies, Chapter 7, suggest that the bmcite layer 
forms earlier on specimens that contain silica fume. This may explain the steep 
decrease in total porosity of TP-S1FU-CMA-28D specimens, while TP-PC-CMA-28D 
specimens, in the absence of deteetable bmcite, behave almost in the same manner as 
the other PC specimens at that age. However, by 3 months TP-PC-CMA-3M 
specimens have developed a 200pm thick layer of bmeite which reflects on the low 
total porosity shown in Figure 8.5. The porosity of TP-S1FU-CMA-3M is recorded as 
being almost the same as at 28 days. This could be because the 50pm thick bmcite 
layer that has formed on the surfaee is intermpted by layers of calcium carbonate. 
Figure 7.40, and is more permeable than the corresponding layer on the surface of PC 
specimens.
8.5.3 Water Absorption tests
One would expect that the effects reported in section 8.5.2, would be evident in the 
case of the water absorption tests, as the assumption is that the bmcite layer forming 
in the surfaee of CMA-exposed specimens would limit water penetration. However, as 
it can be seen in Figures 8.7 and 8.8 the small differences between the amounts of 
water absorbed by specimens exposed to different de-icers do not support such a trend. 
In fact, the total water absorption was very small for all specimens at all ages. This is, 
perhaps, due to the fact that, although the specimens were tested at the end of a dry 
cycle, during that cyele they were place at relatively high humidity and were, 
therefore still saturated. Furthermore, despite the lower permeability that silica fume 
is known to bestow on concrete, the specimens containing the pozzolanas behaved 
similarly to the PC ones in these tests.
However, it is evident that as hydration progresses within the three months of testing, 
water absorption drops, with the exception, interestingly, of WA-PC-NAAC-3M and 
WA-SIFU-NAAC-3M. This tendency does not necessarily suggest deterioration or 
higher porosity of the specimens exposed to NAAC. Such a phenomenon is not 
supported by any of the other tests. WA-PC-NaCl-3M specimens show a much 
slighter increase in water absorption as compared to WA -PC-NaCl-28D specimens.
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8.6 Summary
From the physical properties investigation undertaken as part of this study, a number 
of things beeame evident. Some of the main observations can be summarised as 
follows:
■ Cement paste containing silica fume is susceptible to severe attack when exposed 
to wet/dry cycles of immersion in the solution of the de-icers under investigation, 
as well as in plain water. This does not seem to be related to the de-icers, but 
rather to the wet/dry exposure, which, as documented by literature, is detrimental 
to cement paste samples containing silica fume. A similar trend is evident in the 3- 
month long compressive strength test results.
■ The brucite layer observed in the surface of specimens in contact with CMA 
solutions may be inhibiting water penetration into the paste. This is refleeted in 
the total porosity tests where, this property seemed to be lower for CMA-exposed 
specimens at all ages. It is more likely that it is not the porosity of these specimens 
that is affected but the rate of water ingress, due to surfaee brueite, which 
prevented these speeimens from getting fully saturated for testing.
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9.1 General
This chapter summarises the main points made in the discussions of the results in this 
thesis. The conclusions concern both the effects of the de-icers under examination, 
and the effectiveness of the tests employed.
9.2 Corrosion monitoring
■ CMA and NAAC solutions have caused no corrosion of reinforcement after 1 year 
of wet/dry ponding.
■ Varying the concentration of CMA and NAAC solutions used in this study has not 
had an effect on rebar corrosion and the results of the electrochemical corrosion 
measurements.
■ Varying the W/C ratio of specimens exposed to CMA and NAAC solutions did 
not affect rebar corrosion and the results of the electrochemical corrosion 
measurements.
■ Rest potential measurements from specimens exposed to CMA were comparable 
with the corresponding measurements taken from control specimens exposed to 
water. This could suggest that ion ingress from the CMA solution to the pore 
solution was inhibited.
■ The inclusion of silica fume in specimens exposed to acetate-based chemicals, 
altered, to some extent, the rest potential measurements of NAAC-exposed 
specimens, towards readings that were more positive and comparable to the 
readings obtained from specimens exposed to CMA and water. This is thought to 
suggest that due to the permeability-reducing qualities of this pozzolana, ion 
ingress from the NAAC solution to the pore solution was inhibited.
■ After 1 year of testing NaCl seemed to be the only de-icer to induce corrosion of 
the rebar. The only corroding bars were the top bars of PC-.65-3.5%NaCl after 6-8 
cycles of testing. Clearly, the higher W/C ratio produced a more permeable core 
concrete and was therefore more susceptible to attack by chloride ions. The bars
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closer to the surface corroded because the chloride ions reached the critical 
threshold for corrosion in their vicinity first.
No corrosion was observed in bars embedded in specimens with W/C=0.4, that 
were exposed to NaCl solutions, after 1 year of testing, as these specimens were 
less permeable and had higher chloride ion binding capacity due to their higher 
C3A content.
Silica fume inclusion prevented corrosion in all specimens ponded with NaCl 
solutions. This is due to the reduced chloride diffusivity that this pozzolana 
bestows on well cured concrete, despite a lowering in the pH.
Rest potential measurements from CMA-exposed specimens follow similar trends 
as measurements from control specimens ponded with water. This is thought to be 
due to a surface layer, possibly brucite, which may be inhibiting ion diffusion.
The two different potentiostats used in the tests yielded small differences in their 
measurements. One of the reasons is that, in the region of E^ g^ f+ZOmV, the 
polarisation scan was assumed linear, as per the Steam-Geary theory, for 
measurements taken manually with the Sycopel Superstat. In contrast, the scan 
plots taken with the Gamry potentiostat were not always completely linear in that 
region.
The CMA-containing ponding solutions, unlike all other ponding solutions 
exhibited a pH lower than that of the original solution, at the end of wet half­
cycles. This could be due to binding of Mg^ "^  and the formation of brucite on the 
surface, which may inhibit leaching of calcium hydroxide. These pH changes at 
the end of wet half-cycles do not seem to be influenced by silica fume inclusion. 
Colour indicators have not detected noticeable carbonation by contact with the de- 
icer solutions over a period of 1 year. This is thought to be due to the fact that 
specimens remained at high relative humidity during the dry half cycles and 
subsequently never fully dried.
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9.3 Microstructure investigation
■ There is indication of the formation of Friedel’s salt within the cement paste 
specimens in contact with NaCl solutions. Silica fume inclusion does not seem to 
produce noticeable changes in NaCl-exposed specimens.
■ SEM and element mapping suggest that contact with NAAC solutions leads to the 
formation of what seem to be calcium and perhaps magnesium phosphate deposits 
on the surface of the cement paste specimens. XRD and thermal analyses does not, 
however, confirm this.
■ The phosphorus-containing compounds, on the surface of the PC-NAAC and 
SIFU-NAAC specimens are not the result of sodium acetate contact with the 
paste. They are the result of the 1 % phosphorus-based corrosion inhibitor included 
in the commercial NAAC under investigation. This inhibitor contains 7.5ppm 
phosphorus.
■ Large cracks are observed on the surface of these phosphorus-containing deposits, 
which indicates that it is unlikely that they inhibit the ingress of aggressive agents.
■ CMA solutions in contact with cement paste seem to form brucite on the surface 
of these specimens. Silica fume inclusion seems to limit the thickness of this layer 
as its formation depends on the availability of calcium hydroxide from the paste; 
calcium hydroxide is less available in SIFU-CMA specimens, due to its 
consumption by silica fume. Pockets of calcium carbonate form within this brucite 
layer. The reason for this may be the extra availability of calcium acetate in the 
immersion solutions at the end of wet half cycles; this calcium acetate, when in 
contact with carbon dioxide in dry cycles may be responsible for calcium 
carbonate formation.
■ In PC-CMA and SIFU-CMA specimens the formation of an additional layer of
calcium carbonate overlying the brucite, is observed. As leached calcium
hydroxide gets depleted due to both availability and obstruction by the brucite 
layer, the magnesium acetate in CMA does not react with Ca(0H)2 and ceases to 
produce brucite. Instead, calcium acetate may be responsible for the calcium 
carbonate deposition, although the mechanism is not clear.
■ The outer calcium carbonate layer includes large pockets of brucite, while the
underlying brucite layer seems broken down at points. This may be an indication
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that due to expansion of brucite or calcium carbonate or both, the layer of brucite, 
breaks down at points, and allows more calcium hydroxide to leach therefore 
giving rise to further brucite formation. This phenomenon is more evident in the 
case of SIFU-CMA specimens, where the brucite layer is thinner.
9.4 Physical properties investigation
■ Cement paste containing silica fume is susceptible to severe attack when exposed 
to wet/dry cycles of immersion in the solution of the de-icers under investigation, 
as well as in water. This does not seem to be related to the de-icers, but rather to 
the wet/dry exposure, which, as documented by literature, is detrimental to paste 
containing silica fume. A similar trend is evident in the 3-month long compressive 
strength test results.
■ The brucite layer observed on the surface of specimens exposed to CMA solutions 
appears to inhibit water penetration into the paste. This is reflected in the total 
porosity tests where, this property seemed to be lower for CMA-exposed 
specimens at all ages. It is more likely that it is not the porosity of these specimens 
that is affected but the rate of water ingress due to surface brucite, which 
prevented these specimens from getting fully saturated for testing.
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10.1 General
This chapter summarises the basic conclusions drawn in the course of this study from 
the various tests employed. The conclusions concern both the effects of the de-icers 
under examination, and the effectiveness of the tests employed. Recommendations for 
future work on the subject are included at the end of this chapter.
10.2 Conclusions
■ NaCl seemed to be the only de-icer to induce corrosion of the rebar after 1 year of 
exposure. The only corroding bars were the top bars of PC-.65-3.5%NaCl which 
demonstrated three main points:
o The thickness of the concrete cover played a role in the onset of corrosion 
the higher.
o The higher W/C ratio rendered the rebar more susceptible to corrosion, 
o Silica fume addition inhibited corrosion of the rebar in all specimens 
ponded with NaCl.
■ CMA and NAAC de-icer solutions not caused corrosion of reinforcement after 1 
year of exposure. The results for these de-icers have demonstrated that:
o Varying the concentration of CMA and NAAC solutions did not have en 
effect on corrosion measurements 
o Varying the W/C ratio of specimens exposed to CMA and NAAC 
solutions did not affect rebar corrosion and the results of the 
electrochemical corrosion measurements.
■ A thin layer of brucite, formed on the surface of specimens in contact with CMA 
may be inhibiting ion diffusion, and leaching of calcium hydroxide. The thickness 
of this layer is limited when silica fume is added. Moreover, the formation of an 
additional layer of calcium carbonate overlying the brucite, is observed. This 
layer, however, is not continuous but it is interrupted by large pockets of brucite. 
This top layer is more evident in SIFU-CMA specimens.
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Contact with the de-icer solutions over a period of 1 year has not produced any 
noticeable carbonation on the concrete specimens.
Contact of NAAC solutions with the specimens does not seem to have any effect 
on the paste, apart from the formation of what appear to be calcium and 
magnesium phosphate, which result from the phosphorous-containing corrosion 
inhibitor added to the NAAC and not the sodium acetate.
The addition of silica fume seems to have inhibited corrosion and mitigates the 
effects of the de-icer solutions on the cement paste. However, there is evidence to 
suggest that cement paste containing silica fume is susceptible to attack when 
exposed to wet/dry cycles of immersion in the solution of the de-icers under 
investigation, as well as in water.
10.3 Recommendations and future work
A number of things that became apparent during the course of this investigation could
give rise to further examination of the effects of acetate-based de-icers on reinforced
concrete. These can be summarised as follows:
■ Corrosion of acetate-based de-icers could be tested over longer periods of time.
■ The rumoured corrosion inhibition properties of CMA need to be further 
investigated. This could be done through using a mix of CMA with a corrosive de- 
icer such as NaCl, or through using CMA on chloride-contaminated concrete with
o non-corroding reinforcement in order to test possible effects on the time to 
corrosion initiation
o corroding reinforcement in order to investigate the possibility of a 
retardation or even a reversal of this process
■ Further investigation is needed on the mechanism, which leads to the formation of 
brucite on the surface and the subsequent overlying layer of calcium carbonate.
■ It also needs to be established, whether these layers inhibit, in some way, the 
ingress of aggressive ions in the paste.
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Extraction of the pore solution of specimens in contact with the de-icers in 
question, could lead to significant findings on the mechanism of the interaction of 
concrete with these agents.
Further investigation is needed on the nature of the phosphorus-containing 
deposits on the surface of NAAC-exposed specimens.
Tests with sodium acetate, which does not contain corrosion inhibitors could 
provide a clearer picture on the interaction of this material with reinforced 
concrete.
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APPENDIX A DE-ICER SOLUTION CONCENTRATIONS
A.l Freezing point depression data for NaCl, CMA and NAAC 
solutions
This appendix presents data on freezing point depression for various concentrations, 
of NaCl, CMA and NAAC, Table A.I. The data on the two acetate de-icers was 
obtained by Cryotech, the manufacturer of the CMA and NAAC used in this study [1].
Solution Freezing point temperature of solutions
concentrations NaCl NAAC CMA
0 0 0 0
0.5 -0.3 -0.22
1 -0.59 -0.43
2 -1.19 -0.88
3 -1.79 -1.34
4 -2.41 -1.82
4.9 -1.78
5 -3.05 -2.32
6 -3.7 -2.85
7 -4.38 -3.4
7.5 -2.89
8 -5.08 -3.98
9 -5.81 -4.57
9.7 -3.72
10 -6.56
12 -8.18
14 -9.94
14.4 -5.89
16 -11.89
18 -14.04
19.4 -9.78
20 -16.46 -7.72
22 -19.18
24.1 -14.67
25 -10.83
27 -13.61
28.8 -19.50
29 -17.94
31 -17.61
Table A.l Freezing point depression data for various concentrations of NaCl, 
CMA and NAAC. 11.21
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The values of Table A.l are plotted in Figure A.l. Best-fit trend-lines were fitted on 
this data and the trend-line polynomials were used to deduce the concentrations of 
CMA and NAAC solutions that produce the same freezing point as a NaCl solution 
with a 3.5% b.w. concentration, Table A.2.
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Figure A.l Freezing point depression data points and trend-lines for 
concentrations of NaCh CMA and NAAC
Substance in solution Concentration (%) Freezing Point (C-)
NaCl
CMA
NAAC
3.500
6.181
4 .3 6 7
-2 .0 0 4
Table A.2 Concentrations of CMA and NAAC solutions producing the same 
freezing point as a NaCl solution of concentrations of 3.5% b.w.
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APPENDIX B COMPARISON BETWEEN CORROSION TEST 
RESULTS FROM THE TWO SET-UPS USED 
B.l General
As mentioned in section 5.2.2, the electrochemical monitoring results were obtained 
by the use of two different potentiostats. The one used for the bulk of the tests was the 
Sycopel Scientific Superstat, a manually operated potentiostat, while in the later 
stages of this part of the study, the Gamry PCI4/300 a computer based potentiostat 
model with increased capabilities was used. The latter offers two functions crucial for 
the LPR measurements, which can only be roughly estimated through the Sycopel 
potentiostat.
One of those functions is the continuous polarisation scan and its resulting plot, which 
in this case concerned the region E^g f^±20mV, in contrast to the manual potentiostat 
which only offers the end values and assumes a linear plot between them, which is 
usually only approximately correct [1].
The other extra function is the possibility of direct measurement of Tafel slope values 
for a more accurate calculation of Icorr from equation 5.1 while in the case of the 
manual potentiostat, known K values (equation 5.2) from experience had to be used, 
based on whether the specimen under examination exhibited a tendency for corrosion, 
or not according to the Van Daveer criteria outlined in section 5.2.1. However, as the 
Van Daveer criteria only indicate corrosion tendency the K values chosen may be 
inaccurate.
As the bulk of the measurements were conducted with the Sycopel potentiostat, it was 
deemed more useful, to continue using the K values as described above to calculate 
Icorr values for measurements taken with the Gamry PCI4/300. However, the 
possibility of calculating the Tafel values with this potential can be used as a test of 
the validity of the manually obtained results.
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B.2 Corroding bars
B.2.1 Comparing LPR results to Tafel fit results
Figure B.l below illustrates the graph representing the Erg^f±20mV polarisation scan 
of one of the bars with a 25mm cover depth of the specimen with W/C ratio of 0.65 
ponded with a NaCl solution, the at the end of the 25^  ^ two-weekly cycle of 
monitoring, as displayed by the Gamry Echem Analyst v5.30, the software interface 
of Gamry PC14/300 which can be downloaded from the Gamry website 
lf tD ://w w w .Q am rv .co m /R efe ren ce% 2 0 6 0 0 /E ch em A n a lv st v 5 3 0 .e x e h  This is a bar known to 
be corroding at the time of this measurement.
V  vs. Loj I
I
-JSO.OmV 4-
100.0 tlA I.OOCmA 10.00 jA1.000 nA 10.00 nA  103.0 mA
In (A)
CURVE (nactopc65topt DTA)
Figure B.l Voltage vs. Log Current curve for polarisation scan of E,v.,f±20mV of 
one of the top bars of specimen PC-.65-3.5%NaCl at the end of the 25^  ^ two-weeklv 
cvcle of monitoring
As mentioned above, the Gamry Echem Analyst can produce Tafel fits to this graph. 
This can be done applying logarithmic, linear or an average weighting to the 
deviations of the experimental data from the fit. Logarithmic weighting minimises the 
percentage error. Linear weighting minimises the absolute differences between the 
data and the fit. Average weighting is halfway between linear and Logarithmic. It can
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be said that if one is primarily interested in Beta coefficients, logarithmic weighting, 
with its emphasis on data further away from Ecorr, can provide more accurate values, 
while linear weighting may offer more accurate Icorr values [2]. Figure B.2 below 
illustrates Tafel fits to the curve of Figure B.l produced by the three different 
weighting selections. Tafel fit 1 (in red) represents the logarithmic weighting, fit 2 (in 
green) represents the linear weighting and fit 3 (in blue), the average weighting.
Tafel Scan- log (red), liaeer (green) and evera je  (bue) weighling
leO.OnA I.OUC mA 10. CO iiA 101.0 mA
—  Fit fTnfalJ
Figure B.2 Voltage vs. Log Current curve Tafel fits to polarisation scan of 
F,v,,r±20mV of one of the top bars of specimen PC-.65-3.5%NaCl at the end of the 
25^ *^  two-weeklv cvele of monitoring. Fit 1 ^logarithmic weighting. Fit 2=linear 
weighting. Fit 3=average weighting.
Parameter Value Value Value
(Log Weighting) (Linear Weighting) (Average Weighting)
Beta A 16.90e-3 V/dec 45.50e-3 V/dec 49.70e-3 V/dec
BetaC 11.90e-3 V/dec 45.50e-3 V/dec 27.90e-3 V/dec
Icorr 720.0 nA 3.580 pA 4.130 pA
Ecorr -378.0 mV -378.0 mV -378.0 mV
Corrosion Rate 109.6e-3 mpy 545.5e-3 mpy 629.Oe-3 mpy
Table B.l 
Figure B.l
Analvtieal results of Tafel fit technique on the polarisation scan of
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-Î70.0 mV
S.OmV
-400.0 mV
-30,00 jiA O.OOt A 10.(0 pA 20 00 pA
In (A)
CURVE (n«ctopeiEtepl.DTA>
Figure B.3 Voltage vs. Current curve for potential scan of Er^qf±20mV of one of 
the top bars of PC-.65-3.5%NaCh at the end of the 25^  ^ two-weeklv cvcle of 
monitoring, and linear fit (red line)
Parameter Value (coefficients Value (coefficients Value (coefficien ts
from  L og w eighting) from Linear w eighting) from A verage w eighting)
Lower Fit Limit -395.1 mV -395.1 mV -395.1 mV
Upper Fit Limit 355.2 mV 355.2 mV 355.2 mV
Beta A 16.90e-3 V/dec 45.50e-3 V/dec 49.70e-3 V/dec
Beta C 11.90e-3 V/dec 45.50e-3 V/dec 27.90e-3 V/dec
Uo/T 1.795 pA 5.849 pA 4.594 pA
P^corr -378.0 mV -378.0 mV -378.0 mV
Rp 1.689 kohms 1.689 kohms 1.689 kohms
Corrosion Rate 273.5e-3 mpy 890.9e-3 mpy 699.8e-3 mpy
Table B.2 Analytical results of LPR technique on the polarisation scan of Figure 
B.3, for Tafel values produced with logarithmic, linear and average fits to the V vs. 
Log I curve
Figure B.3 depicts the same data as Figure B.l, with the difference that the x-axis is 
linear instead of logarithmic. According to Stern and Geary [1], a region of
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E;-e /^±30mV, and therefore also E,-gjf±20mV as in the case of this study, would be 
linear and its gradient would provide the value of the polarisation resistance, Rp. The 
results of the analysis using the LPR technique resulting from this fit, using Tafel 
coefficients obtained by the three different weighting selections mentioned above, are 
presented in Table B.2.
From Tables B.l and B.2 it seems that results for Icorr and corrosion rate obtained by 
the LPR technique compare better to the corresponding results obtained by the Tafel 
fit, which is a more accurate technique, when the Tafel coefficients used in the Stem- 
Geary equation were calculated by applying the average weighting to the deviations 
of the experimental data from the Tafel fit, as described above. This is the case for all 
the corroding bars for which measurements were taken with the Gamry PCI4/300.
If one were to use these Tafel values in Equations 5.1 and 5.2, the value of K would 
be:
K = =77 59ixiV, (average weighting Tafel fits) Equation B.l
2.3(;g, + A )
Equations B.2 and B.3 below provide the K values obtained through the use of Tafel 
fits produced by linear and logarithmic weighting respectively, as described above.
K = =9g j9niV , (linear weighting Tafel fits) Equation B.2
2.3(Æ+A)
^  =30.3ImV, (logarithmic weighting Tafel fits) Equation B.3
2.3()g,4.A)
It is obvious that, the Tafel fits produced by logarithmic weighting, as shown in 
Equation B.3, produce the K value that is closest to the suggested K value for 
corroding reinforcement by literature [3], namely 26mV. This latter value was also 
used for the calculation of Icorr in this study, even for measurements taken with the
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Gamry potentiostat, for purposes of results consistency, since the bulk of the data was 
obtained manually, and the empirical K values were used.
In this particular bar, the Icorr value used and incorporated in the results is:
c^orr = -— = = 1.539//A Equation B.4
1689
The logarithmic weighting method seems to produce Tafel coefficients that 
correspond to empirical values better. However the Icorr values obtained by the LPR 
technique do not appear to be in complete agreement with the Icorr values obtained by 
the more reliable Tafel fit technique. This highlights the weaknesses of the LPR 
technique. However, the proximity of the K value obtained, at least by one of the 
three methods of weighting, with the K value used empirically, indicates that the LPR 
results for the corroding bars in this study can be considered usable approximations.
It is possible that the error of the LPR results may lie in the manner the data was 
taken. Contrary to the literature [1,4,5], the graph of Figure B.3 does not appear to be 
that linear, particularly at the end of Eccjr^OmV. However, this is because the scan 
commenced at Ecc5/-20mV. This resulted to more negative current values initially, due 
to the abrupt 20mV polarisation. Thus, these initial values may be misleading. After a 
few scan points the scan seems to stabilise and produce a linear plot as predicted. An 
exclusion of this initial area could produce a better linear fit to the polarisation curve. 
Figure B.4 depicts a linear fit to this polarisation curve which excludes the 
aforementioned, lower region of the curve, and uses the stretch of this curve that is 
already roughly linear. In particular, the region of the curve between -376.8 mV and - 
355.2 mV was used.
The resulting Rp from the linear fit of Figure B.4 is equal to 2.156 kohms. Thus, if the 
empirical K is used, Lorr would be calculated as follows:
horr — ~  ~ — — = 1.206//A Equation B.5
Rp 2156
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-370,0 nrV
Figure B.4 Voltage vs. Current curve for potential scan of E,v,.,±20mV of one of 
the top bars of specimen PC-.65-3.5%NaCF at the end of the 25^  ^two-weeklv cvcle of 
monitoring, and linear fit (red line) of the region of the curve between -376.8 mV and 
-355.2 mV
Therefore, the exclusion of the values of the lower region of the polarisation curve of 
Figure B.4, and the selection of the more linear upper stretch of this graph has yielded 
an Iccrr value closer to the Icon- obtained with the Tafel fit (logarithmic weighting), 
which was 0.720pA as shown in Table B.l. This highlights that the LPR technique 
can yield good results with respect to the corrosion state of reinforcement, if 
potentially misleading parameters are taken into account
Summarising the above, one can make the following observations regarding the 
validity of the LPR technique results in this study, for the corroding bars:
■ Use of the LPR technique and the empirical value K=26mV for corroding 
bars, the results to an \c„,r value different from the corresponding value 
obtained by the Tafel fit method, irrespective of the weighting to the 
deviations of the experimental data from the fit. This suggests, as the Tafel fit 
method is considered more reliable [2], that the LPR technique is an 
approximation.
■ In using the LPR technique, and Tafel coefficients obtained by the Tafel fit 
method, the coefficient values that give a K value closest to the empirical
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value are the ones obtained by the logarithmic weighting to the deviations of 
the experimental data from the fit. Literature corroborates that it is better to 
apply this type of weighting for calculating the Beta coefficients [2].
■ Non-linear stretches in the region Erest±20mV of the polarisation curve V vs. I, 
caused by abrupt polarisation of the rebar from Erest to Erest-20mY, may be 
excluded, in order to provide more accurate linear fits and thus, Rp values.
B.2.2 Comparing LPR results from the two potentiostats
The measurements at the end of the 25*^  two-weekly cycle for the corroding top bars 
of the PC-.65-3.5%NaCl specimen were taken with both potentiostats for purposes of 
comparison. The results showed that there is a difference between the two resulting 
Icorr values, although the Erest values yielded by the two machines were similar.
The average Icon values for the three top bars obtained with the two potentiostats were 
the following:
Value obtained with the Gamry potentiostat: Icorr=L364pA
Value obtained with the Sycopel potentiostat: IcorA=2.860pA
It may be worth mentioning here that the value obtained with the Sycopel potentiostat 
is closer to the Lorr value obtained with the Tafel fit technique by applying a linear 
weighting to the deviations of the experimental data from the fit, which, as mentioned 
above and in the literature [2], may yield more accurate Icon values. This does not 
necessarily imply that the Icon values obtained with the manual potentiostat are more 
reliable.
The reason behind this divergence of results may lie in the two different methods that 
the reinforcement bars were polarised. When the Sycopel was used the bars were 
polarised twice; initially -20mV from Econ and then +20mV from Econ- In both cases 
the current (I) value was recorded five minutes after polarisation, when it was 
stabilised, after its initial drift. In the case of the measurements taken with the Gamry,
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a complete 6minutes and 40 seconds scan was conducted at the rate of O.lmV/s. That 
rate was chosen by trial and error. After an initial fast rate, progressively slower rates 
were tried. Rates slower that 0.1 mV, yielded roughly the same results, so this scan 
rate was deemed reasonable.
Regardless of which of the two potentiostats provides more accurate results, it seems 
that for both, the values obtained are based on reasonable assumptions with regard to 
test parameters. Thus, the differences in test parameters and methods described in the 
previous paragraph may have been the source of the difference in the results. Since 
the bulk of the data was taken with the Sycopel Superstat, its results are assumed to be 
correct in this study.
B.3 Non-corroding bars
Figure B.5 illustrates the graph representing the Ercjj±20mV polarisation scan of one 
of the bottom bars of specimen SIFU-.65-WATER, at the end of the 24*^  two-weekly 
cycle of monitoring, as displayed by the Gamry Echem Analyst. This is a bar known 
to be passivated at the time of this measurement. There seems to be a limiting current 
after which the anodic polarisation curve is asymptotically vertical and an attempt to 
fit Tafel constants yields a very small pc, which challenges the validity of applying the 
Butler-Volmer model for this bar [5].
Figure B.6 displays the same scan data, except the horizontal axis is linear. The 
resulting graph is not linear at all in the region of Erei?±20mV. This means that the 
Stem-Geary equation is not obeyed. Most of the polarisation scans of the non­
corroding bars in this study follow similar patterns. Either due to diffusion control of 
the cathodic processes or due to the passive layers, or a combination of these two, the 
Butler-Volmer model is not valid and the Tafel relationship is not obeyed [5]. Thus, a 
Tafel fit or the polarisation resistance technique would produce significant errors if 
used to calculate the Icon- For simplicity in this study, it is assumed that the Tafel
relationship is obeyed and the term K in equation = —  is taken as 52mV [3].
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Figure B.5 Voltage vs. Log Current curve for polarisation scan and of E,v,,f±20mV 
of one of the bottom bars of specimen SIFU-.65-WATER, at the end of the 24^ ^^  two- 
weeklv cvcle of monitoring
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Figure B.6 Voltage vs. Current curve for polarisation scan and of E„.,f±20mV of 
one of the bottom bars of specimen SIFU-.65-WATER, at the end of the 24*^  two- 
weeklv cvcle of monitoring
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APPENDIX C PUBLISHED PAPERS
This appendix contains papers based on the results of this study, published in 
international conferences. The papers are presented in the format of their publication. 
Six papers are presented. Thei place and time of publication is shown under their title. 
The last two papers have not yet been published, but have been accepted for 
publication in an international conference in June 2010.
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Prolonging Bridge Life through Innovative Approach to De-icing 
Operations
International Conference on Bridge Management, University of Surrey, August 2005.
A. KATSANOS, M. MULHERON
School of Engineering, University of Surrey, UK
S. O. NWAUBANI
Department of the Built Environment, Anglia Polytechnic University, UK
ABSTRACT
This paper provides a brief review of the adverse effects of rock salt on reinforced 
concrete bridge structures, the roadside natural environment, the life cycle of highway 
structures, and the attendant financial cost implications. It addresses the issue of 
whether the adoption of an alternative method of winter operations for highway 
bridges, combined with the use of alternate de-icing salts, could constitute a viable, 
cost-effective and sustainable solution. The University of Surrey and Anglia 
Polytechnic University in the UK are currently evaluating the effects of two 
biodegradable de-icers; Calcium Magnesium Acetate (CMA) and Sodium Acetate 
(NAAC), on the behaviour of reinforced concrete Highway bridge structures. Initial 
results obtained from this study are presented and discussed with respect to the 
optimum condition for their application on highway structures. Conclusions are drawn 
on the basis of the practical implication for the life cycle of corrosion-prone highway 
structures and the natural environment. The need for ftirther investigation is identified.
KEYWORDS Alternative De-icing Salts, Durability, Corrosion.
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INTRODUCTION
The use of de-icing and anti-icing products is widespread in countries experiencing 
prolonged periods of snowfall during the winter. Currently, chloride-based products, 
such as rock salt, are used in large quantities due to their effectiveness with respect to 
ice melting, their low cost, ease of application and storage [1]. However, they are 
known to have adverse effects on the life cycle of reinforced and prestressed highway 
bridges and parking structures due mainly to the fact that they cause corrosion of the 
rebars and steel components [2,3]. They also have a negative impact on the natural 
environment, and accelerate the corrosion of vehicle parts and roadside objects [1]. 
These factors have inevitably raised concerns regarding the sustainability of current 
de-icing practices.
The common finding of structural surveys carried out in many countries reveals that a 
significant part of their Gross National Product (GNP) is the cost of maintaining, 
repairing, and replacing concrete structures. In the United States, the direct annual 
cost of repair and replacement of deficient concrete bridges has been estimated to be 
around US$ 8.3 billion [4], or 0.1% of the GNP of that country. A similar survey 
conducted in Japan [5], estimated the corresponding expenditure to be 177.4 billion 
YEN, or 0.4 % of their GNP. These figures do not include costs inflicted by damage 
on roadside objects, vehicles, the loss of floral and faunal species and surface water 
quality, the adverse effects on soil structure and the migration of sodium and chloride 
ions into water supplies [1]. Furthermore, indirect costs to the user, such as traffic 
delays and lost productivity, are estimated to reach ten times the value of direct costs 
[1].
Recognition of the negative effects of chloride-based de-icers has triggered extensive 
investigation of alternative approaches such as the use of environment-friendly de- 
icing chemicals. Much of the data reported to date relate to pilot projects 
commissioned by the US Federal Highways Administration. Calcium magnesium 
acetate (CMA) is one of the most widely examined de-icers and it has been 
demonstrated to be no more corrosive than water to embedded reinforcing steel and 
roadside objects [1,4,6,7,8,9,10].
CMA has been investigated for its ice-melting characteristics, its effects on concrete 
and various metals including reinforcing steel, its environmental impact and other 
aspects. It is manufactured by reacting dolomitic lime with acetic acid Alternative 
methods of production from waste products have also been researched and identified. 
The most significant drawback of CMA remains its high cost, which can be between 
20 to 30 times the cost of rock salt. A report carried out following a request by the US 
congress, identified many benefits which could arise from the replacement of salt by 
CMA [1]. Nevertheless it highlighted the fact that it was doubtful whether a complete 
substitution would provide the expected financial benefits due to insufficient data; a 
problem compounded by the fact that they were not easy to quantify. Subsequent 
studies, which have been carried out since, along with data resulting from field 
experience, have all reinforced the view that the use of CMA is a safe, and 
sustainable, option [11].
Another acetate de-icer, sodium acetate (NAAC), which has a similar cost to CMA, is 
currently used principally as an airport runway de-icer but has recently been used for 
road de-icing in the cities of Aspen and Snowmass in the USA [12]. NAAC is
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exothermic and this property makes it more effective in ice-melting and it stays active 
at lower temperatures than CMA. Its potential use as a highway de-icer has not been 
well researched possibly due to the fact that there are certain concerns regarding its 
effect on surface waters. It is alleged to increase the BOD, which measures the ability 
of the de-icer to cause oxygen depletion in lakes and streams, more than other acetate 
de-icers, but less than urea [13]. As a consequence little field experience has been 
documented regarding the effects of NAAC on corrosion behaviour of embedded steel 
reinforcement although it is commonly regarded as a non-corrosive de-icer. The 
authors believe that if NAAC proves to be efficient in minimising reinforcement 
corrosion, and can be demonstrated to have an acceptable environmental impact, then 
it could provide a viable solution for use on corrosion prone structures in areas where 
temperatures fall below the active range of CMA.
In what follows, the main objectives, and details, of a laboratory study to compare the 
influence of different de-icing salts on the corrosion behaviour of embedded steel bars 
in concrete are presented. The initial results obtained from this study are discussed 
with respect to the optimum condition for their application on highway bridge 
structures.
MAIN OBJECTIVES
The work presented in this paper forms part of a much larger project the overall 
objectives of which, are to assess the long-term sustainability and financial viability of 
the two acetate-based de-icers as replacement for conventional chloride based de-icers 
for highway bridge structures. In particular, the project aims to investigate the time to 
corrosion initiation, and subsequent corrosion rates, of steel reinforcement in concrete 
exposed to alternative de-icing materials.
The main objectives of the aspects of the research presented in this paper are:
i. To assess and interpret, through laboratory work, the tendencies, with respect 
to corrosion, of steel reinforcement in concrete exposed to CMA and Sodium 
acetate solutions and to compare them with the corresponding properties of 
steel reinforcement in concrete exposed to NaCl solutions and water in the 
first few months of testing.
ii. To compare and interpret the effects of varying the concentration of the 
solution of acetate-based de-icers in relation to their ability to influence the 
aforementioned tendencies.
iii. To utilise the results as a basis to assess the technical, and financial viability of 
changing the de-icing operations on highway bridges, by considering the 
application of alternative de-icing salt solely on stretches of road with 
corrosion prone structures.
EXPERIMENTAL DETAILS
Small-scale slab specimens (210mm x 330mm x 100mm) were manufactured with 
three sets of three reinforcing bars each. The three sets of bars were located at three 
different depths from the bottom of the ponding basin. Specifically, the depths chosen 
were 10mm, 25mm and 40mm, as shown in Figure 1. The purpose of employing 
different cover depths was, i) to establish the time to corrosion initiation induced by 
the different solutions at different depths, and, ii) to investigate the effect of the cover
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depth on the corrosion rates of the reinforcement which might reveal any interaction 
between the de-icer and the concrete cover.
The steel electrodes were made from 8mm diameter mild steel bars. The bars were 
initially cut to a 130mm length each, and a 4mm hole was drilled on one side, at a 
distance of 10mm from the edge of the bars. They were then turned to a bright steel 
finish and degreased with acetone in order to remove any manufacturing grease. 
Subsequently, the bars were placed in a desiccator awaiting the application of 
protective coating, which was applied on both ends of each bar. The coating of the 
ends served the purpose of ensuring that an equal area of steel was exposed on every 
bar. This was required for the calculation of the corrosion current density. It also 
ensured that the protruding ends of the bars were protected from moisture and 
aggressive ions and therefore not corroding.
The protective coating was applied by dipping 95mm of either end of the bar thus, 
ensuring an exposed length of 120mm in the middle. The coating comprised initially 
two coats of cement paste with the same binder and the same water/binder ratio as the 
specimen in which the bars were to be embedded. The bars were dipped to the 
aforementioned length and then left to dry overnight. This process was repeated the 
following day, and the bars were, again, left to dry overnight. Two coats of marine 
varnish were then applied, also by dipping, to complete the coating process. Each one 
of these two varnish coats, after being applied was left to dry overnight. A lathe was 
then used to remove the excessive paste and varnish from the middle 120mm of the 
steel ensuring that all the bars had an equal area of exposed surface. The bars were 
then placed in the moulds and the concrete was cast the following day.
A total of twelve specimens were cast at three stages, according to the planned 
schedule. Table 1 below specifies the number of specimens, binder type, water/binder 
ratio and number of reinforcement bars used.
r
ponding basin
! y
O(N
>. . . j » \ ■' ! . .  ,
o
o
1—I
Elevation of specimenFigure 1
Table I Slab specimens for conosion measurements
N h r<i h Number of
Type of Binder w/b Ratio Sumner ot Man Reinforcement
Samples
OPC 0.40 6 54
0.65 6 54
Total 12 108
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After curing for 28 days at 100% RH, the specimens were transferred to a room with 
constant temperature and relative humidity (20 C° and 70% R.H,), where they 
remained for the rest of the experimental process. They were immediately ponded 
with 300g of water saturated with calcium hydroxide. Forty eight hours later the 
initial base-line measurements were taken as described below. Thereafter, two-weekly 
dry-wet cycles were followed whereby, the wet period of each cycle involved ponding 
with 300g of the corresponding solution for each specimen. During the ponding 
period the top of the ponding surfaces would be carefully sealed with polythene sheets 
in order to prevent evaporation of the solution and the consequent alteration of their 
concentrations.
Measurements were taken every two weeks at the end of the wet cycle in order to 
ensure wet conditions and therefore adequate conductivity between the surface of the 
ponding basin and the steel bars. Two well established types of corrosion 
measurement techniques were used so that their combined results could provide an 
insight into whether corrosion is taking place and what the rate is at any given time. 
The two techniques used were the half-cell potential measurement and Linear 
Polarisation Technique. The corrosion measurements were conducted by the use of a 
Sycopel Scientific Superstat potentiostat that was operated manually throughout the 
duration of the experiments. A calomel electrode was used as a reference electrode, 
and, for both techniques, three measurements were taken at every depth for each 
sample. This provided an indication of the consistency of the results obtained.
However, so far into the experiments the results obtained from the Linear Polarisation 
Technique cannot be directly translated into corrosion current density. This comes as 
a result of the fact that the percentage of the exposed area of the electrode that plays 
the part of the anode would have to be known. Nevertheless, the patterns and types of 
corrosion taking place in specimens ponded with different solutions can vary. It is, 
therefore, decided to determine the anode area from an optical examination of the bars 
after they have been removed from inside the specimens by means of a destructive 
examination. As a consequence, the results presented in this paper concern only the 
half-cell potential measurements taken from OPC samples during the first fifteen 
cycles for a large part of the specimens and during the first ten cycles for some of the 
specimens. Furthermore, measurements after only two cycles have been recorded for 
the OPC specimens with a w/c ratio of 0.65 ponded with CMA as a result of the 
planned experimental timetable.
RESULTS AND DISCUSSION
The “Van Daveer” criteria for the interpretation of half-cell potential measurements 
taken with a copper/copper sulphate reference electrode specify that a potential more 
positive than -200mV indicate less than 10% probability of corrosion and a potential 
more negative than -350mV indicates more than 90% probability of corrosion [2]. The 
electrode used for the half-cell potential measurements was a saturated calomel 
electrode whose potential is 72mV more positive than the potential of a copper/copper 
sulphate electrode. Thus, a half-cell potential more negative than -278mV, indicates a 
90% probability of corrosion. Similarly, potentials more positive than -128mV 
represent an indication of a less than 10% probability of corrosion. Values in between 
represent an uncertain corrosion activity [14]. Figure 3, illustrates the results 
produced so far by the measurement of the rest potential of the steel bars in OPC 
specimens with water/cement ratios of 0.40 and 0.65.
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The only bars which seem to be demonstrating signs of a high probability of corrosion 
are the bars situated at 10mm depth in the OPC sample with a w/c=0.65, and ponded 
with a 3.5% aqueous solution of NaCl. The bars at 25mm depth in the same specimen 
show a tendency to corrode but the half-cell potential values obtained are more 
positive than the ones characteristic of a 90% probability of corrosion according to the 
aforementioned criteria. The half-cell potential values of the bars at 40mm depth 
dwell at around -lOOmV, which is a value characteristic of a very low probability of 
corrosion. The difference in potential between bars situated at these three different 
depths probably results from differences in the concentration of free chloride ions 
around each bar. The free chloride ions act to disturb the passive film on the surface 
of the steel bars. In addition, the dissociation of iron chlorides can produce locally 
high levels of acidity at the surface of the steel leading to pit formation [3]. It has to 
be noted that the lowest value of the half-cell potential in this particular sample seems 
to be the one recorded at the end of the 10‘^  cycle, after five months of testing.
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Rest potential values of rebars in OPC samples with w/c=0.4 vs 
time (10mm, 25mm, 40mm cover depth)
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Rest potential values of rebars in OPC samples with w/c=0.65 vs 
time (10mm, 25mm, 40mm cover depth)
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Figure 3 Half-cell potential values of rebars in OPC samples with w/c=0.40 and
w/c=Q.65 vs. time (10mm. 25mm. 40mm cover depth)
A similar pattern is evident in the half-cell potential values of the bars in the OPC 
sample with a w/e=0.4, ponded with a 3.5% aqueous solution of NaCI. The deeper the 
bars are within the concrete cover, the more positive the half-cell potential. However, 
in this specimen, none of the bars demonstrate high probability of corrosion after 14 
cycles as they all produce readings well below -lOOmV. This is probably due to the
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lower permeability of concrete in this specimen which delays the ingress of chlorides 
and limits the oxygen levels which assist the corrosion process [3]. This specimen 
produced the most negative half-cell potential values at the end of the 6^*^ cycle, when 
the top bars seemed to be reaching the threshold value for corrosion, but in the 
following months the values measured at all depths shifted to more positive values. At 
the end of the 14‘^  cycle, the results obtained from the bars at all three depths seem to 
converge at potentials between -40mV and -80mV. This indicates that lowering the 
water/cement ratio provides inherent resistance to chloride contamination with respect 
to the length of the period before the corrosion initiation, which is critical in 
determining the service life of a structure.
With respect to the specimens ponded with water and with the two acetate-based de- 
icing agents under investigation, there seems to be no difference in behaviour between 
the steel bars embedded at different depths. The “half-cell potential vs. time” curves 
recorded for each separate de-icer almost coincide for all three depths. This occurs in 
samples of both qualities of concrete used. This provides evidence that:
i. The two acetate de-icers, unlike NaCI, do not contain migrating ions which 
can potentially facilitate the corrosion of the rebar, at least within the first 14 
cycles of testing.
ii. The varying oxygen levels at different depths or differences in ohmic 
resistance inside the samples are not, as yet, factors influencing the readings.
The potential of the bars in OPC samples with w/c=0.4 seems to be following the 
trend of the corresponding measurements taken from the control sample ponded with 
water. Specifically, these readings appear to be constantly shifting positively and at 
the end of the 14‘^  cycle they are higher than +100mV, which is indicative of a 
passive state on the surface of the steel. The readings for the lower quality concrete 
sample exhibit an almost identical behaviour, while there were not adequate values 
from the low quality specimen ponded with CMA to display in this paper.
Similarly, the half-cell potential values for the samples ponded with the NAAC 
solution exhibit the same trend at all depths as their values seem to remain relatively 
constant, at between OmV and -lOOmV. However, the measurements from the low 
quality concrete sample seem to be slightly but consistently lower, although this is 
possibly due to external factors influencing the half-cell potential. Therefore, it is 
evident that ponding with NAAC is unlikely to have produced corrosion of the rebar 
at any depth.
CONCLUSIONS
Certain conclusions can be drawn from this on-going study with reference to the 
corrosiveness of the two acetate de-icers under examination and its implication about 
the life cycle of concrete bridges. These can be summarised as follows:
i. CMA and sodium acetate have produced no corrosion of the rebar within the
first 7 months of testing, while NaCI has already produced corrosion, in the
top bars of the low quality specimens (w/c=0.65).
ii. The water/cement ratio of concrete and the depth of cover do not, thus far,
seem to play a significant part in the half-cell potential readings taken from 
samples ponded with Sodium acetate, water and CMA. This implies that the
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two acetate de-icers, unlike NaCI, do not contain migrating ions which can 
facilitate the corrosion of the rebar,
iii. The fact that the two acetate-based de-icers do not seem to facilitate rebar 
corrosion implies that all maintenance and repair work on concrete bridges 
that relate to chloride-induced corrosion could be avoided.
However, it needs to be established whether or not the two alternative de-icing agents 
compromise the quality of concrete in a different manner. A possible formation of 
expansive or non-cementitious products due to these agents could create cracks, 
which could, in turn, facilitate carbonation or the ingress of other aggressive ions. The 
need, therefore, for a microstructural investigation that could identify such adverse 
effects, becomes evident. This realisation has triggered a relevant microstructural 
investigation in the University of Surrey as part of the aforementioned, larger project 
currently in progress.
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Viability of Alternative De-icing Operations on European Highway 
Bridges
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Construction,(Ed. R K Dhir, J E Halliday and E Csetenyi), Dundee, 5 - 7  July 2005. 
Proc. Young Researchers Forum pp. 145 - 152
ABSTRACT. Winter operations on European highways and bridges currently involve 
almost exclusively the use of chloride-based de-icing agents. However, the adverse 
effects of these materials on the roadside natural environment, the life cycle of 
highway structures and the attendant financial cost implications, is clearly not 
compliant with the idea of sustainability in the built environment.
This paper forms part of an ongoing study aimed at assessing the viability of 
alternative methods of winter operations on highway bridges with particular reference 
to the concept of whole-life cost, sustainability and environmental friendliness. The 
paper presents a state of the art review of available literature on the nature and effects 
of rock salt used in winter operations on European highways and argues the case for 
possible substitutes.
Conclusions are drawn on the basis of available data on the effects of two 
biodegradable acetate-based de-icers, namely Calcium Magnesium Acetate (CMA) 
and Sodium Acetate (NAAC). The need for further investigation is identified.
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INTRODUCTION
The use of de-icing and anti-icing products is widespread in countries experiencing 
prolonged periods of snowfall during the winter. Currently, chloride-based products 
such as sodium chloride and calcium chloride dominate the market due to their 
effectiveness with respect to ice melting, their low cost, ease of application and 
storage, which allow their frequent use in large quantities [1]. However, they are 
known to have adverse effects on the life cycle of highway bridges and parking 
structures due mainly to the fact that they cause corrosion of the rebars [2,3]. They 
also have a negative impact on the natural environment, and they accelerate the 
corrosion of vehicle parts and roadside objects and vegetation [1]. These factors have 
inevitably raised concerns regarding the sustainability of current de-icing practices.
The common finding of structural surveys carried out in several countries reveals that 
a significant part of this expenditure is the cost of repairing, maintaining and replacing 
highway bridge structures, which often amounts to between 0.1 % and 0.4 % of the 
Gross national product [1,4]. In the United States, the direct annual cost of repair and 
replacement of deficient concrete bridges alone, over the 10 years following the report 
was estimated to be around US$8.3 billion [5], a figure which represents 
approximately 0.1 % of the Gross National Product (GNP) of that country. A similar 
survey conducted in Japan [4], estimates the corresponding expenditure to be 177.4 
billion YEN which amounts to about 0.4 % of the GNP (1990 standards). These 
numbers do not include costs attributable to damage to roadside objects, vehicles, the 
loss of floral and faunal species and surface water quality, the adverse effects on soil 
structure and the migration of sodium and chloride in water supplies [1]. Furthermore, 
indirect costs to the user, such as traffic delays and lost productivity, are estimated to 
reach ten times the value of direct costs [1].
The realization of the undesirable side effects of sodium chloride has triggered 
extensive investigation of alternative measures such as the use of environment- 
friendly de-icing chemicals. Calcium magnesium acetate (CMA) is one of the most 
widely examined de-icers and it has been documented to be no more corrosive than 
water to reinforcing steel or the roadside objects [5-8]. It is manufactured by reacting 
dolomitic lime with acetic acid and its cost is up to 30 times the cost of salt [1].
Another acetate de-icer, sodium acetate, which is known for its exothermic properties 
and equal cost to CMA, is currently used principally as an airport runway de-icer. 
Lately, though it has been employed as a road de-icer at limited sites in the United 
States [9,10]. Its effect on metal corrosion and its potential use as a highway de-icer 
have not been well researched. However, it is regarded as non-corrosive de-icer and 
has been used in airports where corrosion is a prevalent issue.
Numerous research projects and pilot studies have been undertaken to assess the 
performance of CMA while the respective projects regarding Sodium acetate is 
relatively limited. The paper reviews the existing literature on their effectiveness, and 
how that influences the economics of a possible substitution of current de-icing 
practices.
LITERATURE REVIEW 
General
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Since its discovery, CMA has been investigated for its ice-melting characteristics, its 
effects on concrete and various metals including reinforcing steel, its environmental 
impact and other aspects by numerous researchers. The most significant drawback of 
CMA remains its high cost, which can be between 20 to 30 times the cost of rock salt. 
TRB special report 235 [1], which was carried out following a request by the US 
congress in 1988, identified many benefits which could arise from the replacement of 
salt by CMA, nevertheless it underscored the fact that it is doubtful whether a 
complete substitution would provide the expected financial benefits due to insufficient 
data, and due to the fact that many of the indirect costs involved by the use of de-icers 
were not easy to quantify and were therefore based on rough estimations. Further 
studies, which have been carried out since, along with data resulting from field 
experience, have reinforced the view that the use of CMA is a safe and sustainable 
option [5-10, 16-20].
Sodium Acetate, is a de-icer widely used in airports because of its, reportedly, non- 
corrosive effects. It has been recently implemented for road de-icing as well in the 
cities of Aspen and Snowmass in the USA [9,10]. Sodium acetate has not been as 
extensively researched as CMA because it was never realistically identified as a 
possible replacement for rock salt de-icers, mainly due to its high cost which is about 
the same as for CMA but also due to the fact that there are certain concerns regarding 
its effect on surface waters [11]. It allegedly increases the BOD, which measures the 
ability of the de-icer to cause oxygen depletion in lakes and streams, more than other 
acetate de-icers but less than urea [12]. Sodium Acetate is exothermic and this 
property makes it more effective in ice-melting and it stays active at lower 
temperatures than CMA [13]. No field experience has been documented regarding the 
effects of sodium acetate on rebar corrosion. If, following further investigation, 
sodium acetate proves to be efficient in minimising reinforcement corrosion, it could 
provide a viable solution for use on corrosion prone structures in areas with 
temperatures far below the active range of CMA.
Mechanism of ice melting
De-icing chemicals are incapable of melting snow and ice in their dry (solid) state. 
They first must attract or come into contact with moisture to form brine (a 
chemical/water solution). The brine then penetrates down through the ice and snow 
until it reaches the pavement. Once on the pavement surface, it spreads outwards 
melting and undercutting the ice and snow for mechanical removal, namely ploughing 
or shovelling [11]. Even though the same chemical behaviour is involved, there are 
remarkable differences in how de-icers work. A basic reason for these differences in 
de-icing is that some chemicals take longer to go into solution before they can begin 
penetrating ice and snow. Even though snow and ice are merely frozen water, 
moisture is not readily available at freezing temperatures, so liquefaction is retarded 
[11]. Another reason for de-icing action is heat liberation. As they dissolve, some 
chemicals liberate heat, which is known as exothermic reaction. Sodium acetate is an 
exothermic de-icer, while rock salt and CMA have the opposite effect i.e. they draw 
heat from their surroundings, and can therefore not be quite as effective at very low 
temperatures as Sodium acetate can. In addition, pellet de-icers are more efficient than 
flake de-icers [11].
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Generally it can be said that the performance of a de-icer is determined by its ability 
to melt, penetrate, undercut, and break the bond between the ice and snow. Two of the 
factors that determine the ability of a de-icer to perform these functions are based on 
the eutectic and effective temperatures of the de-icer. From basic physics, it is known 
that the eutectic temperature is the theoretical lowest temperature to which the de-icer 
can suppress the freezing point of water. However, this temperature can only be 
reached at the ideal percent concentration of the de-icer in water. All other 
concentrations will have higher freezing points [14].
Because de-icers become increasingly diluted as they melt ice and snow, they remain 
at their ideal ice melting concentration only very briefly. Consequently, the eutectic 
temperature has little bearing on real-life de-icing conditions. The effective 
temperature, which is the lowest temperature at which each de-icer remains effective, 
is a much more realistic measure of the de-icing capability of the chemicals [11].
Theoretical effectiveness of the selected de-icers
Table 1 displays the eutectic and effective temperatures of the de-icers under 
consideration. It becomes very obvious that the effective temperature of sodium 
acetate is much lower due to the fact that it possesses exothermic properties.
Table 1 Eutectic and Effective Temperatures of selected de-icers [13,14]
DE-ICER
EUTECTIC
CONCENTRATION
(%)
EUTECTIC
TEMPERATURE
(C )
EFFECTIVE
TEMPERATURE
(C )
CMA 
(anhydrous calcium 
magnesium acetate)
32.60 -27.78 -6.67
NAAC 27.00 -21.67 -15.00(anhydrous sodium acetate)
Sodium Chloride 23.00 -21.12 -9.44
Early observations reported that significantly more CMA is required to achieve ice- 
melting comparable to that achieved by sodium chloride. A more recent study by 
Schenk [15], observes that the slower rate of ice melting for CMA is due primarily, to 
the tendency of the CMA crystals to be buoyed up in their solution. However, it points 
out that CMA promises road de-icing, in many ways, superior to that offered by rock 
salt, due to its ability to melt ice at lower temperatures, and a marked heat of solution 
of the anhydrous CMA.
However, site experience gained by the use of acetate de-icers over recent years, has 
provided a clearer picture with respect to the different way that acetate de-icers work 
and their effectiveness in comparison to chloride de-icers [16-20].
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Site Experience on the effectiveness of CMA and Sodium acetate
A field evaluation of the performance of CMA during the winter of 1986-1987 is 
summarized in an article by Chollar [16], and a similar article [17], discusses 
experience from CMA applications at different locations. A common finding of those 
field studies is that CMA works differently from Sodium chloride. CMA works better 
as a “bottom-up” de-icer and prevents snow pack when applied early in a storm, 
forming a fluffier, drier snow-pack easy to remove by ploughing or by passing traffic, 
while Sodium chloride works better as a “top-down” de-icer, producing wetter and 
heavier snow-pack.
Therefore timing is crucial in the case of CMA application [17-19]. It is reported that 
it has to be applied early in the storm in order to be more effective. The down side to 
this is that, if it is applied before the storm, it runs the risk of being blown away by 
traffic due to its low density. If applied late it may be slower acting, taking around 20 
minutes longer to act [19].
CMA also seems to work at lower temperatures than rock salt, as tendencies to re­
freeze after temperature drops seem less, according to the observations made at the 
Zilwaukee Bridge [18,19]. It also lasts longer and it sometimes has to be applied once 
during a 12-hour period compared to two or three for rock salt. This could also be due 
to the residual effect that CMA seems to have on the road surface as liquefied CMA 
and pellets stick on the road surface minimising re-freezing and early morning deck 
icing [19]. Hence, although the application rates presented in Figure 1 seem to be 
higher for CMA than for salt, due to much fewer applications required, the winter- 
long usage rates for CMA and rock salt are comparable and in some cases of 
relatively temperate climates, crews were using 30 to 40 per cent less CMA than they 
did salt to maintain comparable levels of service (Figure 2) [18,19].
It seems therefore that the initial tendency of early users and researchers to believe 
that a larger amount of CMA than salt would be required to achieve equal de-icing 
performance is due to the fact that CMA does not melt snow in the manner as NaCI, 
but instead it produces a dry “meal” easy to remove by ploughing or traffic. This 
explains the early high application rates [19].
These findings are reviewed and investigated in a study conducted by Harris et at [20] 
in 1993, where an interpretation is sought for the different way that CMA melts ice. 
This study attributes the form of the CMA-treated snow-pack to the ability of the 
calcium acetate and the magnesium acetate to dissociate from the CMA compound 
and form independent hydrates.
Sodium acetate, which has been principally used as a runway de-icer, has over recent 
years, been used for road de-icing in cities and towns which experience extremely 
cold winters [9,10]. The substance is known to be biodegradable and non-corrosive 
[9,10]. The de-icing performance of sodium acetate is thought to be the best of the 
three selected de-icers, due to the very low effective temperature, which makes it 
suitable for use at very cold climates. The application rates for sodium acetate are 
comparable to the ones for rock salt, although the use of sodium acetate in practice is 
still at its first stages so the optimisation of the application rates has not occurred yet
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or at least has not been documented. As it can be seen in Figure 1, in Aspen it is 
applied at 58 kg/lane-km, with a winter-long application of 56.823 tons [11].
□ NaCI m CMA ■ NAAC
LOCATION
Figure 1 Application rates of NaCI, NAAC and CMA at different locations in the US 
in order to achieve comparable de-icing effects between 1986-1989.
□ NaCI B CMA
§
È
01
1.2 /
LOCATION
Figure 2 Winter-long usage of NaCI and CMA at different locations in the US in order 
to achieve comparable de-icing effects between 1986-1989.
DISCUSSION
The data reviewed in this study suggest that acetate-hased de-icing agents are at least 
equally effective as rock salt and can remain active in even lower temperatures than 
rock-salt. CMA appears to be less active at lower temperatures, an effect which can be
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compensated for by the optimisation of the application timing, as it seems that early 
applications are critical. Moreover, field experience has demonstrated that almost 
equal amounts of CMA and rock salt are required over the winter period to produce 
comparable results contrary to what was initially believed. In the case of Sodium 
acetate it is possible that even smaller amounts would be necessary due to its 
exothermic properties.
Furthermore, documented evidence reveals that the use of such environmentally 
friendly de-icers on highway bridges would drastically reduce the corrosion initiation 
period. This could benefit national economies of countries which experience extended 
periods of winter by minimising the direct and indirect costs of maintenance and 
repair of highway bridges. Any financial study conducted in the future, should also 
consider the economic implications of the selective use of alternative de-icing agents 
on corrosion prone structures. The results could prove crucial if nation-wide strategies 
on de-icing and winter operations were to be implemented as a means of optimising 
the practical outcome and gaining financial benefits.
CONCLUSIONS
The conclusions drawn from this review of the existing literature on the subject can be 
summarised as follows:
• Acetate-based de-icers have comparable or often better performance than rock 
salt regarding their ice-melting capability, without the need for larger 
applications.
• The need for substitution of current de-icing practices to include selective use 
of acetate-based de-icers on corrosion prone bridge structures or on roads 
crossing environmentally sensitive areas should be considered and evaluated.
• Further research on the corrosiveness of these alternative agents on rebars, and 
especially Sodium acetate should be conducted as the data on the latter is 
limited due to the fact that it has been mostly used as an airport runway de- 
icer.
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Abstract
This paper forms part o f an ongoing research concerning the feasibility, viability and 
cost-effectiveness o f the adoption o f an alternative method o f winter operations for  
highway bridges, based on the use o f alternate de-icing salts. The University o f Surrey 
and Anglia Polytechnic University in the UK are currently evaluating the effects o f 
two biodegradable de-icers; Calcium Magnesium Acetate (CMA) and Sodium Acetate 
(NAAC), on the steel reinforcement o f concrete Highway bridge structures. The 
results presented in this paper concern only one o f the corrosion assessment 
techniques o f the two used in this study. Middle-term measurements o f one year have 
indicated that CMA and NAAC are not corrosive with respect to concrete 
reinforcement. Particularly, CMA seems to have behaved much in the same way as 
water. The need for further investigation is identified.
Keywords
Alternative De-icing Salts, Durability, Corrosion.
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1. Introduction
The use of de-icing and anti-icing products is widespread in countries experiencing 
prolonged periods of snowfall during the winter. Currently, rock salt and other 
chloride-based products, are dominating this market due to their effectiveness with 
respect to ice melting, their low cost, ease of application and storage (TRB 1991). 
However, their adverse effects on the life cycle of reinforced and prestressed highway 
bridges and parking structures, due to the corrosion of the steel reinforeement and 
steel components (Pullar-Streeker 2002;Richardson 2002) whieh they cause, have 
inevitably raised concerns regarding the sustainability of current de-icing practices. 
The problem is compounded by the negative impact they have on the natural 
environment and the fact that they accelerate eorrosion of vehicle parts and roadside 
objects (TRB 1991)..
The common finding of structural surveys carried out in many eountries reveals that a 
significant part of their Gross Domestic Product (GDP) is the cost of maintaining, 
repairing, and replacing concrete structures. In the United States, the direct annual 
cost of repair and replacement of defieient eonerete bridges has been estimated to be 
around US$ 8.3 billion (McCrum 1988), or 0.14 % of the GDP of that country (1991 
prices). Similar surveys conducted in Japan (JACC 1999) and in the UK estimated the 
corresponding expenditures to be ¥177.4 billion, or 0.04 % of Japan’s GDP (1999 
prices) and £60 million, or 0.13 % of the UK’s GDP (1989 prices) respectively. These 
costs are graphically presented in Figure 1, below. The aforementioned figures do not 
include costs inflicted by damage on roadside objects, vehicles, the loss of floral and 
faunal species and surface water quality, the adverse effects on soil structure and the 
migration of sodium and chloride ions into water supplies (TRB 1991). Furthermore, 
indirect costs to the user, such as traffic delays and lost productivity, are estimated to 
reach ten times the value of direct costs (TRB 1991).
g  0.08
m O
CC 0.04
JAPAN
COUNTRIES
Fig. 1 Costs of corrosion in concrete bridge rebar, expressed as percentages of the
GDP of the UK, USA and Japan.
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Recognition of the negative effects of chloride-based de-icers has triggered extensive 
investigation of alternative approaches such as the use of environment-friendly de- 
icing chemicals. Much of the data reported to date relate to pilot projects 
commissioned by the US Federal Highways Administration. Calcium magnesium 
acetate (CMA) is one of the most widely examined de-icers and it has been 
demonstrated to be no more corrosive than water to embedded reinforcing steel and 
roadside objects (Kennelley & Locke 1990;McCrum 1988;Mccrum 1989;Miller 
1992;Miller 1993;Slick 1988;TRB 1991).
CMA has been investigated for its ice-melting characteristics, its effects on concrete 
and various metals including reinforcing steel, its environmental impact and other 
aspects. It is manufactured by reacting dolomitic lime with acetic acid Alternative 
methods of production from waste products have also been researched and identified. 
The most significant drawback of CMA remains its high cost, which can be between 
20 to 30 times the cost of rock salt. A report carried out following a request by the US 
congress, identified many benefits which could arise from the replacement of salt by 
CMA (TRB 1991). Nevertheless it highlighted the fact that it was doubtful whether a 
complete substitution would provide the expected financial benefits due to insufficient 
data; a problem compounded by the fact that they were not easy to quantify. 
Subsequent studies, which have been carried out since, along with data resulting from 
field experience, have all reinforced the view that the use of CMA is a safe, and 
sustainable, option (Katsanos A. & Nwaubani S.O. 2005).
Another acetate de-icer, sodium acetate (NAAC), which has a similar cost to CMA, is 
currently used principally as an airport runway de-icer but has recently been used for 
road de-icing in the cities of Aspen and Snowmass in the USA (Fischel 2001). NAAC 
is exothermic and this property makes it more effective in ice-melting. It also stays 
active at lower temperatures than CMA. Its potential use as a highway de-icer has not 
been well researched. As a consequence little field experience has been documented 
regarding the effects of NAAC on corrosion behaviour of embedded steel 
reinforcement although it is commonly regarded as a non-corrosive de-icer. If NAAC 
proves to be efficient in minimising reinforcement corrosion, it could provide a viable 
solution for use on corrosion prone structures in areas where temperatures fall below 
the active range of CMA.
In what follows, the main objectives, and details, of a laboratory study to compare the 
influence of different de-icing salts on the corrosion behaviour of embedded steel bars 
in concrete are presented.
2. Main objectives
The work presented in this paper aims to investigate the time to corrosion initiation, 
and subsequent corrosion rates, of steel reinforcement in concrete exposed to 
alternative de-icing materials and to compare them with the corresponding properties 
of steel reinforcement in concrete exposed to NaCI solutions and water. Furthermore, 
it is within the objectives of this paper to compare and interpret the effects of varying 
the composition of the binder of the samples through the addition of microsilica.
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3. Experimental details
Small-scale slab specimens (210mm x 330mm x 100mm) were manufactured with 
three sets of three reinforcing bars each. The three sets of bars were located at three 
different depths from the bottom of the ponding basin. Specifically, the depths chosen 
were 10mm, 25mm and 40mm, as shown in Figure 1. The purpose of employing 
different cover depths was, i) to establish the time to corrosion initiation induced by 
the different solutions at different depths, and, ii) to investigate the effect of the cover 
depth on the corrosion rates of the reinforcement which might reveal any interaction 
between the de-icer and the concrete cover.
The steel electrodes were made from 8mm diameter mild steel bars. The bars were 
initially cut to a 130mm length each, and a 4mm hole was drilled on one side, at a 
distance of 10mm from the edge of the bars. They were then turned to a bright steel 
finish and degreased with acetone in order to remove any manufacturing grease. 
Subsequently, the bars were placed in a desiccator awaiting the application of 
protective coating, which was applied on both ends of each bar. The coating of the 
ends served the purpose of ensuring that an equal area of steel was exposed on every 
bar. This was required for the calculation of the corrosion current density. It also 
ensured that the protruding ends of the bars were protected from moisture and 
aggressive ions and therefore not corroding.
The protective coating was applied by dipping 95mm of either end of the bar thus, 
ensuring an exposed length of 120mm in the middle. The coating comprised initially 
two coats of cement paste with the same binder and the same water/binder ratio as the 
specimen in which the bars were to be embedded. The bars were dipped to the 
aforementioned length and then left to dry overnight. This process was repeated the 
following day, and the bars were, again, left to dry overnight. Two coats of marine 
varnish were then applied, also by dipping, to complete the coating process. Each one 
of these two varnish coats, after being applied was left to dry overnight. A lathe was 
then used to remove the excessive paste and varnish from the middle 120mm of the 
steel ensuring that all the bars had an equal area of exposed surface. The bars were 
then placed in the moulds and the concrete was cast the following day.
A total of twelve specimens with OPC binder were cast half of which had a w/c ratio 
of 0.65 while the rest had a w/c ratio of 0.4. Figure 2 specifies the constructional 
details of the samples.
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Fig. 2 Constructional details of corrosion monitoring specimens
Type of Binder w/b Ratio Number of Slab Samples
Number of 
Reinforcement 
Bars
OPC 0.40
0.65
54
54
Total
Table
12 108 
Slab specimens for corrosion measurements
After curing for 28 days at 100% RH, the specimens were transferred to a room with 
constant temperature and relative humidity (20 C° and 70% R.H.), where they 
remained for the rest of the experimental process. They were immediately ponded
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with 300g of water saturated with calcium hydroxide. Forty eight hours later the 
initial base-line measurements were taken as described below. Thereafter, two-weekly 
dry-wet cycles were followed whereby, the wet period of each cycle involved ponding 
with 300g of the corresponding solution for each specimen. During the ponding 
period the top of the ponding surfaces would be carefully sealed with polythene sheets 
in order to prevent evaporation of the solution and the consequent alteration of their 
concentrations.
Measurements were taken every two weeks at the end of the wet cycle in order to 
ensure wet conditions and therefore adequate conductivity between the surface of the 
ponding basin and the steel bars. Two well established types of corrosion 
measurement techniques were used so that their combined results could provide an 
insight into whether corrosion is taking place and what the rate is at any given time. 
The two techniques used were the half-cell potential measurement and Linear 
Polarisation Technique. The corrosion measurements were conducted by the use of a 
Sycopel Scientific Superstat potentiostat that was operated manually throughout the 
duration of the experiments. A calomel electrode was used as a reference electrode, 
and, for both techniques, three measurements were taken at every depth for each 
sample. This provided an indication of the consistency of the results obtained.
However, so far into the experiments the results obtained from the Linear Polarisation 
Technique cannot be directly translated into corrosion current density. This comes as 
a result of the fact that the percentage of the exposed area of the electrode that plays 
the part of the anode would have to be known. Nevertheless, the patterns and types of 
corrosion taking place in specimens ponded with different solutions can vary. It is, 
therefore, decided to determine the anode area from an optical examination of the bars 
after they have been removed from inside the specimens by means of a destructive 
examination. As a consequence, the results presented in this paper concern only the 
half-cell potential measurements taken from OPC samples during 25 cycles for a large 
part of the specimens and during the first 15 cycles for some of the specimens
4. Results and discussion
The “Van Daveer” criteria for the interpretation of half-cell potential measurements 
taken with a copper/copper sulphate reference electrode specify that a potential more 
positive than -200mV indicate less than 10% probability of corrosion and a potential 
more negative than -350mV indicates more than 90% probability of corrosion (Pullar- 
Strecker 2002). The electrode used for the half-cell potential measurements was a 
saturated calomel electrode whose potential is 72mV more positive than the potential 
of a copper/copper sulphate electrode. Thus, a half-cell potential more negative than - 
278mV, indicates a 90% probability of corrosion. Similarly, potentials more positive 
than -128mV represent an indication of a less than 10% probability of corrosion. 
Values in between represent an uncertain corrosion activity (Bj ego vie, Mikulic D, & 
Sekulic D 2000). Figure 3, illustrates the results produced so far by the measurement 
of the rest potential of the steel bars in OPC specimens with water/cement ratios of
0.40 and 0.65.
The only bars which seem to be demonstrating signs of a high probability of corrosion 
are the bars situated at 10mm depth in the OPC sample with a w/c=0.65, and ponded
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with a 3.5% aqueous solution of NaCI. The bars at 25mm depth in the same specimen 
show a tendency to corrode but the half-cell potential values obtained are more 
positive than the ones characteristic of a 90% probability of corrosion according to the 
aforementioned criteria. The half-cell potential values of the bars at 40mm depth 
dwell at around -lOOmV, which is a value characteristic of a very low probability of 
corrosion. The difference in potential between bars situated at these three different 
depths probably results from differences in the concentration of free chloride ions 
around each bar. The free chloride ions act to disturb the passive film on the surface 
of the steel bars. In addition, the dissociation of iron chlorides can produce locally 
high levels of acidity at the surface of the steel leading to pit formation (Richardson 
2002). It has to be noted that the lowest value of the half-cell potential in this 
particular sample seems to be the one recorded at the end of the 10*^  cycle, after five
months of testing.
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Rest potential values of rebars in OPC samples with w/c=0.4 vs 
time (10mm, 25mm, 40mm cover depth)
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Rest potential values of rebars in OPC samples with w/c=0.65 vs 
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Fig. 3 Half-cell potential values of rebars in OPC samples with w/c=0.40 and 
w/c=0.65 vs. time (10mm, 25mm, 40mm cover depth)
A similar pattern is evident in the half-cell potential values of the bars in the OPC 
sample with a w/c=0.4, ponded with a 3.5% aqueous solution of NaCI. The deeper the 
bars are within the concrete cover, the more positive the half-cell potential. However, 
in this specimen, none of the bars demonstrate high probability of corrosion after 24 
cycles as they all produce readings well below -lOOmV. This is probably due to the
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lower permeability of concrete in this specimen which delays the ingress of chlorides 
and limits the oxygen levels which assist the corrosion process (Richardson 2002). 
This specimen produced the most negative half-cell potential values at the end of the 
6*^  cycle, when the top bars seemed to be reaching the threshold value for corrosion, 
but in the following months the values measured at all depths shifted to more positive 
values. At the end of the 24‘^  cycle, the results obtained from the bars at all three 
depths seem to converge at potentials between -40mV and -80mV. This indicates that 
lowering the water/cement ratio provides inherent resistance to chloride 
contamination with respect to the length of the period before the corrosion initiation, 
which is critical in determining the service life of a structure.
With respect to the specimens ponded with water and with the two acetate-based de- 
icing agents under investigation, there seems to be no difference in behaviour between 
the steel bars embedded at different depths. The “half-cell potential vs. time” curves 
recorded for each separate de-icer almost coineide for all three depths. This occurs in 
samples of both qualities of concrete used. This provides evidence that:
i. The two acetate de-icers, unlike NaCI, do not contain migrating ions which 
can potentially facilitate the corrosion of the rebar, at least within the first 14 
cycles of testing.
ii. The varying oxygen levels at different depths or differences in ohmic 
resistance inside the samples are not, as yet, factors influencing the readings.
The potential of the bars in OPC samples with w/c=0.4 seems to be following the 
trend of the corresponding measurements taken from the control sample ponded with 
water. Specifically, these readings appear to be constantly shifting positively and at 
the end of the 24*^  cycle they are higher than +100mV, which is indicative of a 
passive state on the surface of the steel. The readings for the lower quality concrete 
sample exhibit an almost identical behaviour, while there were not adequate values 
from the low quality specimen ponded with CMA to display in this paper.
Similarly, the half-cell potential values for the samples ponded with the NAAC 
solution exhibit the same trend at all depths as their values seem to remain relatively 
constant, at between OmV and -lOOmV. However, the measurements from the low 
quality concrete sample seem to be slightly but consistently lower, although this is 
possibly due to external factors influencing the half-cell potential. Therefore, it is 
evident that ponding with NAAC is unlikely to have produced corrosion of the rebar 
at any depth.
5. Conclusions
Certain conclusions can be drawn from this on-going study with reference to the 
corrosiveness of the two acetate de-icers under examination and its implication about 
the life cycle of concrete bridges. These can be summarised as follows:
i. CMA and sodium acetate have produced no corrosion of the rebar within the 
first year of testing, while NaCI has produced corrosion, in the top bars of the 
low quality specimens (w/c=0.65).
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ii. The water/cement ratio of concrete and the depth of cover do not seem to play 
a significant part in the half-cell potential readings taken from samples ponded 
with Sodium acetate, water and CMA. This implies that the two acetate de- 
icers, unlike NaCI, do not contain migrating ions which can facilitate the 
corrosion of the rebar.
iii. The fact that the two acetate-based de-icers do not seem to facilitate rebar 
corrosion implies that all maintenance and repair work on concrete bridges 
that relate to chloride-induced corrosion could be avoided.
However, it needs to be established whether or not the two alternative de-icing agents 
compromise the quality of concrete in a different manner. A possible formation of 
expansive or non-cementitious products due to these agents could create cracks, 
which could, in turn, facilitate carbonation or the ingress of other aggressive ions. The 
need, therefore, for a microstructural investigation that could identify such adverse 
effects, becomes evident. This realisation has triggered a relevant microstructural 
investigation in the University of Surrey as part of the aforementioned, larger project 
currently in progress.
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“Green”, non-corrosive de-icers: A remedy for concrete bridge 
corrosion, but can they harm the paste?
SUSTAINABLE CONSTRUCTION MATERIALS AND TECHNOLOGIES, June 
11-June 13, 2007, Coventry, UK, Supplementary Papers, pp.82-92
A. Katsanos
School o f Engineering, University o f Surrey, UK 
S. O. Nwaubani
Department o f the Built Environment, Anglia Ruskin University, UK 
M. Mulheron
School o f Engineering, University o f Surrey, UK
ABSTRACT: This paper forms part of an ongoing research concerning the feasibility, 
viability and cost-effectiveness of the adoption of an alternative method of winter de- 
icing operations for highway bridges, based on the use of novel, non-corrosive de- 
icing chemicals as replacement for rock salt. The University of Surrey and Anglia 
Ruskin University in the UK are currently evaluating the effects of solutions of two 
such de-icers, namely Calcium Magnesium Acetate (CMA) and Sodium Acetate 
(NAAC), on the microstructure and the properties of cement paste. The results 
presented in this paper were derived using SEM imaging and element mapping in 
order to identify possible changes in the cement paste resulting from contact with 
these alternative de-icers. Preliminary results of the microscopy investigation of one 
year specimens has indicated that the CMA solutions produce minor changes in the 
surface layers of the paste. Further work concerning the effects of the CMA solutions 
on the physical properties of the hardened cement paste is in progress to ascertain the 
significance of the observed changes.
KEYWORDS Alternative De-icing Salts, Durability, Brucite, Décalcification.
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1 INTRODUCTION
De-icing and anti-icing products have 
been used for decades on highways 
especially in countries experiencing 
prolonged periods of snowfall during the 
winter. Chloride-based products and 
principally rock salt have always been the 
most popular ones due to their 
effectiveness, ease of storage and 
application and low cost (TRB 1991). 
However, over the last few decades, the 
construction industry has been faced by 
severe and costly maintenance issues 
some of which are the consequence of the 
repeated utilisation of such agents. The 
adverse (corrosive) effect of chloride- 
based chemicals on the life cycle of 
reinforced concrete bridges and parking 
structures (Pullar-Strecker 2002, 
Richardson 2002) has raised concerns 
with respect to the sustainability of 
current de-icing practices.
Globally, several structural surveys 
carried out in different countries have 
revealed that the direct cost of 
maintaining, repairing and replacing 
deficient bridge structures amounts to a 
significant part of the Gross Domestic 
Product of many developed countries. 
Figure 1 below provides indicative 
figures of such costs reported for the 
USA, the UK and Japan. These figures do 
not include costs inflicted by damage on 
roadside objects, vehicles and loss of 
floral species. Moreover, indirect costs 
due to traffic delays and loss of 
productivity have been estimated to reach 
over ten times the direct cost of 
maintenance, repair and replacement 
(TRB 1991).
O  0,1
JAPANHI
Ü  0,04 cc
COUNTRIES
Figure 1. Costs of repair of corrosion 
damaged bridges, expressed as 
percentages of the GDP for UK, USA and 
Japan.
The recognition of the negative effects 
of de-icing chemicals combined with the 
necessity for their use has led 
construction professionals and academics 
to come up with innovative ways to 
protect reinforced concrete structures 
prone to corrosion. Part of the solution 
has been focused on adopting alternative 
approaches towards winter operations by 
the use of environmentally friendly de- 
icing chemicals. Most of the data comes 
from the US where a number of pilot 
projects were commissioned by the US 
Federal Highways Agency, in order to 
evaluate the effectiveness of alternate de- 
icers in reducing rebar corrosion. One of 
the most widely investigated alternative 
de-icers is Calcium Magnesium Acetate 
(CMA) which is produced by reacting 
dolomitic lime with acetic acid. This 
chemical has been demonstrated by many 
researchers to be no more corrosive than 
water on embedded reinforcement and 
metal roadside objects (Kennelley & 
Locke 1990, McCrum 1988, McCrum 
1989, Miller 1992, Miller 1993, Slick 
1988, TRB 1991). CMA has been 
investigated for its coiTosiveness towards 
various metals including reinforcing steel, 
its environmental impact, its effects on
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concrete and other aspects. Although it 
seems to be a safe option in many 
respects, its most significant drawback is 
its high cost of production which ranges 
between 20 to 30 times the cost of rock 
salt. Other more cost-effective methods of 
production have been identified but are 
still at the stage of investigation. A report 
carried out following a request by the US 
congress identified the benefits which 
could arise from the replacement of rock 
salt by CMA but at the same time 
highlighted that it is doubtful whether a 
complete substitution would provide the 
expected financial benefits due to its high 
cost of production but also due to 
insufficient data regarding the long-term 
effects.
2 MAIN OBJECTIVES
The work presented in this paper aims to 
identify possible damage or alteration in 
the microstructure of the cement paste of 
normal concrete mixes in contact with 
CMA solutions and to determine the 
depth from the exposed surface of the 
paste at which changes take place.
3 BACKGROUND
Several studies have been carried out over 
the past two decades to ascertain the 
effects of CMA de-icers on the properties 
of concrete. In some cases, contradictory 
results have been recorded for similar 
kinds of tests by different researchers, 
which is mainly due to the diversity of 
conditions under which those 
experiments were undertaken. This seem 
to suggest that CMA can act very 
differently when in contact with concrete 
depending on factors such as ambient 
temperature, Ca/Mg molar ratio of the 
CMA, concentration of the CMA 
solution, concrete mix design, cement 
composition, presence of admixtures, 
type of aggregates etc. In this perspective.
the results from various studies are not 
directly comparable. Nonetheless, they do 
offer an indication of the mechanism that 
governs the changes, which take place in 
the concrete microstructure as well as in 
the composition of the CMA solution.
Cody et al. (1996), who carried out a 
study on the effects of Magnesium and 
Calcium de-icers, but not CMA, speculate 
that the latter, if used as a substitute for 
rock salt de-icers in the context of 
reinforcement corrosion prevention, may 
have unintended consequences in 
accelerating concrete deterioration. The 
study concerned aged concrete cores from 
highways of known service records in 
contact with NaCl, CaCl, MgCL and Mg 
(CHgCOi)!. The authors conclude that 
MgCH solutions are the ones that caused 
the most severe deterioration in concrete 
and they attribute this chiefly to the 
formation of magnesium silicate hydrates, 
MSH, produced by the reaction of 
dissolved magnesium in the pore solution 
with calcium silicate hydrates, CSH. 
MSH is non-cohesive and therefore, 
associated with the lack of cementitious 
properties of the cement paste.
This view is backed by Santhanam et 
al. (2001) whose paper reports the results 
of an investigation on the effects of 
magnesium sulphate solutions on the 
expansion and microstructure of different 
types of Portland cement mortars. Their 
research focused on the role of 
magnesium in the mechanism of sulphate 
attack when the attacking solution 
contains magnesium ions. Their studies 
suggested that a layer of brucite 
(magnesium hydroxide) forms on the 
surface almost immediately after the 
introduction of the specimens into the 
solution. It is also reported that this layer 
provides a barrier to the free passage of 
the external solution. Gypsum and 
ettringite seem to have formed 
underneath this barrier and in close 
proximity to the surface of the specimens. 
In areas where the brucite barrier is
-329
Appendix C: Published Papers
broken down due to high disintegration of 
the samples, décalcification of the 
calcium silicate hydrate (CSH), and its 
conversion to non-cementitious 
magnesium silicate hydrate (MSH), after 
prolonged exposure to the solution, takes 
place and causes the ultimate failure of 
the specimens. However, the authors do 
not record the expansive action of the 
brucite itself as being responsible for any 
part of the deterioration of the mortar 
samples. The relevance of this study to 
the current report is obvious and hinges 
on the fact that it concerns the effect of 
solutions containing magnesium ions, on 
concrete.
Moreover, Peterson (1995) has found 
that mortar samples immersed in CMA 
solutions tend to expand continuously 
over a period of 6 months. In addition, 
this study notes that the magnitude of the 
expansion increases with an increase in 
the Ca/Mg molar ratio of the CMA, the 
W/C ratio of the mix and the ambient 
temperature. Therefore, the author 
speculates the formation of a double salt 
composed by calcium hydroxide and 
calcium acetate which causes the 
expansion. This is more so in samples 
with greater W/C ratio and thus, greater 
pore volume to facilitate such a salt. This 
study, also recognises the formation of a 
thin layer of brucite on the surface of the 
samples which, according to the author 
precipitates as calcium hydroxide leaches 
out of the samples into the solution 
therefore, increasing the CMA solution’s 
Ca/Mg ratio and its pH. The same study 
also concludes that a higher content of 
magnesium ions in the CMA solution 
accelerates the dissolution of the 
hardened cement paste and reduces its 
strength further. The author attributes this 
effect to the fact that the combined 
reactions of brucite formation on the 
surface of the samples and leaching of 
calcium hydroxide greatly increases the 
solution’s content of Ca ions and
therefore renders it harmful towards the 
hardened paste.
Also Santagata and Colepardi (2000) 
suggest leaching of calcium hydroxide 
which they back with the evidence that 
when pozzolanas are used, the strength is 
not greatly impaired due to the fact that 
calcium hydroxide gets rapidly consumed 
by the pozzolanic materials.
4 MATERIALS
4.1 Cement composition
The composition of the raw materials 
employed for the cement used in this 
investigation is outlined in Table 1 below.
Table 1. Composition of raw materials
Oxide Percentage (%)
SiOz 20.62
AI2O3 5.02
EczO] 2.50
CaO 65.24
MgO 1.11
SO3 2 j#
K2O 0.56
NazO 0.20
EqNazO 0.57
FCaO 0.86
L.O.I. 1.20
4.2 Immersion solutions
The test samples were immersed in a 
CMA solution at a concentration of 
6.181% which was chosen as it achieves 
the same freezing point as a 3.5% NaCl 
solution, used as a control in this 
investigation.
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5 EXPERIMENTAL DETAILS
5.1 Scanning electron microscope 
imaging
Small cement paste prisms (10 mm x 10 
mm X 110 mm), were cast with a 
water/cement ratio of 0.4 and were 
immediately placed in the curing room at 
100% RH. They were then de-moulded 
the following day and were placed back 
in the curing room for a further 27 days. 
After curing, the samples were transferred 
to a room with constant temperature and 
relative humidity (20°C and 70% RH), 
where they remained for the rest of the 
experimental process. They were then 
coated with resin and left to dry 
overnight. The coating process was 
repeated the following day and they were, 
again, left to dry overnight. The following 
day the hardened resin along with the as- 
cast surface was removed from one of the 
two smaller faces of the sample, with a 
diamond saw. This way, it was ensured 
that the penetration of the de-icer solution 
from that contact face would be 
unidirectional so that the depth of 
penetration could be estimated with 
higher precision. Moreover, the removal 
of the as-cast surface of that particular 
face ensured that misinterpretations due 
to contamination would be avoided. The 
immersion regime which the samples 
underwent involved two-weekly cycles 
(one week immersed in solution and one 
week dry). Although wet-dry cycles may 
bear no particular significance in this 
case, the experiment was designed to 
correlate with the ponding regime 
performed on miniature slab samples 
designed for reinforcement corrosion 
testing, which forms the main core of this 
general project.
The effect of the immersion process 
was microscopically examined at 
predetermined times for a duration of 1 
year after the end of the curing process, 
namely at 28 days, 90 days, 6 months and
1 year. The examination was performed 
with the help of a HITACHI 3200 
scanning electron microscope. 
Specifically, the samples were cut in the 
middle with a diamond saw along their 
longitudinal axis which, contrary to thin 
slicing, allows for visualisation of the 
effects of the solutions on the same 
sample, simply by moving the cut profile 
under the microscope. Samples were 
carbon coated before they were viewed in 
the SEM. Different images were taken at 
various locations, at different depths from 
the surface of the exposed face and at 
different magnifications, which varied 
from x300 to x9000. Element mapping 
was performed with the help of the 
microscope in order to help identify the 
elements and compound formations at 
locations of interest.
6 RESULTS AND DISCUSSION
6.1 General
The images and element maps presented 
in this section are of a magnification of 
x600 and x300 where the x600 images 
cannot facilitate the whole of the areas of 
interest where changes are taking place 
and they represent the top part of cut 
profiles as described above in section 5. 
Thus, the surface of the sample in each 
image lies at the top of the picture. 
Images were taken for samples in a 
6.181% CMA solution, at 4 different 
times after the end of curing, namely at 
28 days, 3 months, 6 months, 1 year. The 
element maps presented here are the ones 
for Ca and Mg as they are more critical in 
drawing conclusions for the purposes of 
this paper.
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(a) (a)
(b) (b)
(c) (c)
Figure 2. Profile image and Figure 3. Profile image and 
corresponding element maps for sample corresponding element maps for sample 
subject to the immersion regime for 28 subject to the immersion regime for 3 
days at a magnification of x600. (a) months at a magnification of x600. (a) 
profile image, (b) Ca map, (c) Mg map. profile image, (b) Ca map, (c) Mg map.
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(a) (a)
(b) (b)
(c)
Figure 4. Profile image and 
corresponding element maps for sample 
subject to the immersion regime for 6 
months at a magnification of x600. (a) 
profile image, (b) Ca map, (c) Mg map.
(c)
Figure 5. Profile image and 
corresponding element maps for sample 
subject to the immersion regime for 6 
months at a magnification of x300. (a) 
profile image, (b) Ca map, (c) Mg map.
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(a) (a)
(b) (b)
250um
(c)
Figure 6. Profile image and 
corresponding element maps for sample 
subject to the immersion regime for 1 
year at a magnification of x600. (a) 
profile image, (b) Ca map, (c) Mg map.
(c)
Figure 7. Profile image and 
corresponding element maps for sample 
subject to the immersion regime for 1 
year at a magnification of x300. (a) 
profile image, (b) Ca map, (c) Mg map.
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50pm
(a) (c)
50pm
(b) (d)
Figure 8. SEM images of the exposed face of cement paste samples at different times 
during immersion in a 6.181% CMA solution at a magnification of xl200. (a) 28 days, 
(b) 3 months, (c) 6 months, (d) 1 year.
-335 -
Appendix C: Published Papers
(a) (c)
20pm
(b) (d)
Figure 9. SEM images of the exposed face of cement paste samples at different times 
during immersion in a 6.181% CMA solution at a magnification of x3000. (a)28 days,
(b)3 months, (c)6 months, (d) 1 year.
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6.2 Discussion on images and element 
maps
In Figure 2 below, it seems that after the 
first 28 days of the immersion regime 
described in section 5, no visible changes 
have taken place. No replacement of 
calcium with magnesium can be detected 
at the top layers and no signs of calcium 
hydroxide leaching are obvious. This can 
be confirmed by visual inspection of the 
microscopic images of Figures 8a, 9a 
where some fibrous CaCOs crystals along 
with amorphous CSH can be observed 
but no crystals arising from the contact of 
the sample with the CMA solution can be 
seen.
As it can be seen in Figure 3, however, 
after 3 months of the immersion process, 
the first 200 pm on the exposed surface of 
the sample are occupied by a compound 
containing magnesium which is most 
likely magnesium hydroxide (brucite) as 
supported by the relevant existing 
literature. Brucite, which is insoluble, 
provides a relatively impermeable layer 
which inhibits substantially the passage 
of other ions from the solution towards 
the paste. Its crystal is an octahedron 
made up by several layers of sheets which 
are loosely held together, thus opening up 
with time, to form a rosette-like structure 
as the ones which can be seen in the 
images of Figures 8b, 9b. Despite the fact 
that it is an expansive compound, it is 
unlikely to be able to damage the 
hardened paste as it seems to be occurring 
in the form of deposits on top of the 
initial surface of the samples. It 
precipitates as a result of a combination 
of factors; as calcium hydroxide leaches it 
increases the pH of the surrounding 
solution. When the pH reaches a value of 
about 9, Magnesium acetate becomes 
unstable losing magnesium ions and 
therefore precipitating on the surface as 
brucite, by means of the following 
equation:
Mg^+ + Ca(OH)2 + Mg(0H)2 +
The liberated calcium ions make the 
surrounding solution contain more and 
more calcium acetate.
After 6 months of the immersion 
process, as it can be seen in Figures 4-5, a 
50 pm thick layer of calcium-containing 
compounds has formed on top of the 
brucite layer. This can be a combination 
of compounds including calcium 
hydroxide, calcium carbonate and 
compounds arising from the contact of 
leaching calcium hydroxide and the 
calcium acetate in the solution . Since 
there is not enough calcium hydroxide 
leaching out at this stage both because of 
availability and also because of the 
relatively impermeable overlying layer of 
brucite, the magnesium acetate in the 
surrounding solution does not lose 
magnesium ions any more. Therefore, as 
mentioned above this new layer of 
calcium-containing compounds is 
facilitated among the loosely held sheets 
of the rosette-like crystals of brucite, as it 
can be seen in Figures 8c, 9c. Since these 
new compounds can be expansive 
according to the existing literature (Cody 
et al. 1995), they could create cracks in 
the brucite layer thus, facilitating the 
intrusion of magnesium ions deeper in the 
cement paste, and the formation of the 
non-cementitious MSH which could 
replace the CSH therefore dramatically 
reducing the strength of the hardened 
paste.
After the samples have undergone a 
year of the immersion regime employed 
in this investigation, the top layer of the 
calcium-containing compounds has 
become only slightly thicker (Figs 6-7) 
which is an indication of the retarding 
role of the impermeable brucite layer. 
Figures 8d, 9d indicate that the only thing 
present on the surface of the exposed face 
after a year is calcium-containing 
compounds. However, after a year, apart
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from what are essentially deposits, there 
don’t seem to be any changes deep within 
the hardened cement paste.
7 CONCLUSIONS
It seems that after a year of immersion 
cycles, no significant changes have taken 
place deep inside the hardened paste of 
the samples employed in this 
investigation. What becomes obvious is 
the brucite layer which precipitates on the 
surface in contact with the CMA solution. 
Its effect seems to be beneficial to the 
paste rather than detrimental. It forms at a 
time between 28 days and three months 
of this type of immersion cycles and it 
seems to inhibit ion transport in and out 
of the paste. An additional layer of 
calcium-containing compounds forms on 
top of this brucite layer at some point 
between 3 and 6 months, which could 
further limit transport of ions between the 
paste and the surrounding solution. 
However, it is possible that these 
calcium-containing compounds could, 
through their expansion, break down the 
brucite layer, and therefore facilitate the 
passage of magnesium and other ions into 
the sample and thus the formation of 
MSH which lacks cementitious 
properties. However, it becomes 
abundantly clear that these results need to 
be correlated to physical property tests. 
Moreover, continuation of these tests for 
a longer period of time could provide a 
clearer picture on whether CMA could 
indeed be harmful to the paste in the long 
term.
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ABSTRACT
This paper reports the result of a study aimed at assessing the impact o f Calcium Magnesium  
Acetate (CMA) solutions on the corrosion o f reinforcing steel embedded in concrete. It is 
part o f a larger research to evaluate the efficacy o f adopting alternative de-icing chemicals 
and methods in winter de-icing operations. This part of the study involves the use o f half-cell 
potential and Linear Polarisation Resistance (LPR) techniques to compare the corrosion risk 
in small-scale reinforced concrete slabs subjected to a ponding regime with distilled water, 
salt water or CMA solutions over a period of one year. The influence of different de-icers on 
the corrosion behaviour of the reinforcement are compared. Further work concerning longer 
term effects is in progress to ascertain the significance o f the observed changes on the 
mechanism o f the interaction between CMA solutions and cement paste.
INTRODUCTION
The use o f de-icing and anti-icing products is widespread in countries experiencing prolonged 
periods of snowfall during the winter. Currently, rock salt and other chloride-based products, 
are dominating this market due to their effectiveness with respect to ice melting, their low  
cost, ease of application and storage [Hart, P., 2009]. However, their adverse effects on the 
life cycle o f reinforced and prestressed highway bridges and parking structures, due to the 
corrosion of the steel reinforcement and steel components [Pullar-Strecker, P 2002, 
Richardson, M.G, 2002] which they cause, have inevitably raised concerns regarding the 
sustainability of current de-icing practices. The problem is compounded by the negative 
impact they have on the natural environment and the fact that they accelerate corrosion of 
vehicle parts and roadside objects [Dore, S. and Laursen A., 2009].
Structural surveys carried out in many countries reveal the high cost o f maintaining, repairing, 
and replacing concrete structures. In the United States, the direct annual cost o f repair and 
replacement o f deficient concrete bridges has been estimated to be around US$ 8.3 billion 
[Kosh, et al, 2001]. Similar surveys conducted in Japan [Shibata, T., 2000] and in the UK  
estimated the corresponding expenditures to be ¥177.4 billion and £600 million respectively. 
The aforementioned figures do not include costs inflicted by damage on roadside objects, 
vehicles, the loss of floral and faunal species and surface water quality, the adverse effects on
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soil structure and the migration of sodium and chloride ions into water supplies [Brenner,R. 
and Moshman, J., 1976]. Furthermore, they established that the indirect costs to the user, such 
as traffic delays and lost productivity, are estimated to reach ten times the value o f direct 
costs.
Recognition of the negative effects of chloride-based de-icers has triggered extensive 
investigation of alternative approaches such as the use of environment-friendly de-icing 
chemicals. Much o f the data reported to date relate to pilot projects commissioned by the US 
Federal Highways Administration. Calcium magnesium acetate (CMA) is one of the most 
widely examined de-icers and it has been demonstrated to be no more corrosive than water to 
embedded reinforcing steel and roadside objects [McCrum, R.L., 1989, & Kennelley, K.J.,
1990].
CMA has been investigated for its ice-melting characteristics, its effects on concrete and 
various metals including reinforcing steel, its environmental impact and other aspects. It is 
manufactured by reacting dolomitic lime with acetic acid Alternative methods o f production 
from waste products have also been researched and identified. The most significant drawback 
of CMA is its high cost, which can be between 20 to 30 times the cost o f rock salt. A  report 
carried out following a request by the US congress, identified many benefits which could arise 
from the replacement o f salt by CMA [TRB 1991]. Nevertheless it highlighted the fact that it 
was doubtful whether a complete substitution would provide the expected financial benefits 
due to insufficient data; a problem compounded by the fact that they were not easy to 
quantify. Subsequent studies, which have been carried out since, along with data resulting 
from field experience, have all reinforced the view that the use of CMA is a safe, and 
sustainable, option [Miller, W. L., 1992].
MAIN OBJECTIVES
The work presented in this paper aims to investigate the presence o f corrosion, and 
subsequent corrosion rates, o f steel reinforcement in concrete exposed CMA and to compare 
them with the corresponding properties o f steel reinforcement in concrete exposed to NaCl 
solutions and water. The influence of varying the w/c ratio of concrete is also examined. A  
further objective of this paper is to compare and interpret the effects o f varying the 
concentration of the solution of acetate-based de-icers in relation to their ability to influence 
the aforementioned tendencies.
EXPERIMENTAL DETAILS
Small-scale slab specimens (210mm x 330mm x 100mm) were manufactured with three sets 
of three reinforcing bars each. The three sets of bars were located at three different depths 
from the bottom of the ponding basin. Specifically, the depths chosen were 10mm, 25mm and 
40mm, as shown in Figure 1. The purpose of employing different cover depths was, i) to 
establish the time to corrosion initiation induced by the different solutions at different depths, 
and, ii) to investigate the effect o f the cover depth on the corrosion rates of the reinforcement 
which might reveal any interaction between the de-icer and the concrete cover.
The steel electrodes were made from 8mm diameter mild steel bars. The bars were initially 
cut to a 130mm length each, and a 4mm hole was drilled on one side, at a distance of 10mm 
from the edge o f the bars. They were then turned to a bright steel finish and degreased with 
acetone in order to remove any manufacturing grease. Subsequently, the bars were placed in a 
desiccator awaiting the application of protective coating, which was applied on both ends of  
each bar. The coating of the ends served the purpose of ensuring that an equal area of steel 
was exposed on every bar. This was required for the calculation of the corrosion current
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density. It also ensured that the protruding ends o f the bars were protected from moisture and 
aggressive ions and therefore not corroding.
The protective coating was applied by dipping 95mm o f either end of the bar thus, ensuring an 
exposed length of 120mm in the middle. The coating comprised initially two coats of cement 
paste with the same binder and the same water/binder ratio as the specimen in which the bars 
were to be embedded. The bars were dipped to the aforementioned length and then left to dry 
overnight. This process was repeated the following day, and the bars were, again, left to dry 
overnight. Two coats o f marine varnish were then applied, also by dipping, to complete the 
coating process. Each one of these two varnish coats, after being applied was left to dry 
overnight. A  lathe was then used to remove the excessive paste and varnish from the middle 
120mm of the steel ensuring that all the bars had an equal area o f exposed surface. The bars 
were then placed in the moulds and the concrete was cast the following day.
A  total o f twelve specimens with PC were cast. Half o f them had a w/c ratio o f 0.65 while the 
rest had a w/c ratio o f 0.4. Figure 1 specifies the constructional details o f the samples.
Table 1. Slab specimens for corrosion measurements
Type of Binder W/C Ratio Number of Slab Samples
Number of 
Reinforcement 
Bars
PC 0.40 6 54
0.65 6 54
Total 12 108
After curing for 28 days at 100% RH, the specimens were transferred to a room with constant 
temperature and relative humidity (20 C° and 70% R.H.), where they remained for the rest o f  
the experimental process. A  20mm length o f the edge o f each bar was exposed for the 
connections to the electrodes that were necessary for corrosion monitoring. The specimens 
were immediately ponded with 300g o f water saturated with calcium hydroxide. Forty eight 
hours later the initial base-line measurements were taken as described below. Thereafter, two­
weekly dry-wet cycles were followed, whereby the wet period of each cycle involved ponding 
with 300g of the corresponding solution for each specimen. During the ponding period the top 
of the ponding surfaces would be carefully sealed with polythene sheets in order to prevent 
evaporation of the solution and the consequent alteration of their concentrations.
Measurements were taken every two weeks at the end of the wet cycle in order to ensure wet 
conditions and therefore adequate conductivity between the surface o f the ponding basin and 
the steel bars. Two well established types of corrosion measurement techniques were used so 
that their combined results could provide an insight into whether corrosion is taking place and 
what the rate is at any given time. The two techniques used were the half-cell potential 
measurement and Linear Polarisation Technique. The corrosion measurements were 
conducted by the use o f a Sycopel Scientific Superstat potentiostat that was operated 
manually throughout the duration of the experiments. A  calomel electrode was used as a 
reference electrode, and, for both techniques, three measurements were taken at every depth 
for each sample.
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Fig. 1. Constructional details of the corrosion monitoring specimens 
RESULTS AND DISCUSSION
The “Van Daveer” criteria for the interpretation of half-cell potential measurements taken 
with a copper/copper sulphate reference electrode specify that a potential more positive than - 
200mV indicate less than 10% probability of corrosion and a potential more negative than - 
350mV indicates more than 90% probability of corrosion [Pullar-Strecker, P. 2002]. The 
electrode used for the half-cell potential measurements was a saturated calomel electrode 
whose potential is 72mV more positive than the potential of a copper/copper sulphate 
electrode. Thus, a half-cell potential more negative than -278mV, indicates a 90% probability 
of corrosion. Similarly, potentials more positive than -128mV represent an indication of a less 
than 10% probability of corrosion. Values in between, represent an uncertain corrosion 
activity. Table 2 offers the criteria for the interpretation of the Linear Polarisation Technique 
results. Figures 2 and 3, illustrate the half-cell potential and LPR results of the steel bars in 
PC specimens with water/cement ratios of 0.40 and 0.65.
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Table 2 Interpretation of icorr values
icorr Interpretation
<0.2pA/cm^ Reinforcement in the passive condition
0.2 -  0.5pA/cm^ Low to moderate corrosion rates
0.5 -  IpA/cm^ Moderate to high Corrosion rates
> IpA/cm'^ High Corrosion rates
The only bars which seem to be demonstrating signs of corrosion are the bars situated at 
10mm depth in the PC sample with a w/c=0.65, and ponded with a 3.5% aqueous solution of 
NaCl. The bars at 25mm depth in the same specimen show a tendency to corrode but the half­
cell potential values obtained are more positive than the ones characteristic o f a 90% 
probability o f corrosion according to the aforementioned criteria. This is corroborated by the 
LPR results which indicate low corrosion rates. The half-cell potential values o f the bars at 
40mm depth dwell at around -lOOmV, which is a value characteristic o f a very low  
probability of corrosion, while the icorr values o f these bars are below 0.2pA/cm^, which 
shows that the steel is in the passive condition. The difference in corrosion between bars 
situated at these three different depths probably results from differences in the concentration 
of free chloride ions around each bar. The free chloride ions act to disturb the passive film on 
the surface of the steel bars. In addition, the dissociation o f iron chlorides can produce locally 
high levels o f acidity at the surface of the steel leading to pit formation [Richardson, M.G., 
2002].
A similar pattern is evident in the corrosion measurements o f the bars in the PC sample with a 
w/c=0.4, ponded with a 3.5% aqueous solution of NaCl. The thicker the concrete cover, the 
more positive the half-cell potential. However, in this specimen, none o f the bars demonstrate 
high probability o f corrosion after 24 cycles as they all produce half-cell potential readings 
below and around -lOOmV and the icorr values indicate passive conditions. This is probably 
due to the lower permeability o f concrete in this specimen which delays the ingress of 
chlorides and limits the oxygen levels which assist the corrosion process [Richardson, M.G., 
2002]. This specimen produced the most negative half-cell potential values at the end o f the 
6*'’ cycle, and the icorr values indicated moderate to high corrosion, when the bars at 10mm 
depth seemed to be reaching the threshold values for corrosion, but in the following months 
the values measured at all depths shifted to more positive values. At the end o f the 24* cycle, 
the results obtained from the bars at all three depths seem to indicate passive conditions. This 
indicates that lowering the water/cement ratio provides inherent resistance to chloride 
contamination with respect to the length o f the period before the corrosion initiation, which is 
critical in determining the service life of a structure.
With respect to the specimens ponded with water and CMA, there seems to be no difference 
in behaviour between the steel bars embedded at different depths. The “half-cell potential vs. 
time” curves recorded for each separate de-icer almost coincide for all three depths. This 
occurs in samples of both qualities o f concrete used. This is an indication that CMA, unlike 
NaCl, does not contain migrating ions which can potentially facilitate the corrosion o f the 
rebar, at least within the first 14 cycles of testing.
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Fig. 2 Half-cell potential and LPR results for specimens with w/c=0.40 vs. time 
(10mm, 25mm, 40mm cover depth)
The rest potential of the bars in PC samples with w/c=0.4 seems to be following the trend of 
the corresponding measurements taken from the control sample ponded with water. 
Specifically, these readings appear to be constantly shifting positively and at the end of the 
24 ’^’ cycle they are higher than 4-lOOmV, which is indicative of a passive state on the surface 
of the steel. The readings for the lower quality concrete sample exhibit an almost identical 
behaviour. The half-cell potential measurements are corroborated by the LPR results which
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for specimens of both concrete qualities and for all cover depths, indicate that the steel bars 
are likely to be in the passive condition.
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Fig. 3 Half-cell potential and LPR results for specimens with w/c=0.65 vs. time 
(10mm, 25mm, 40mm cover depth)
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CONCLUSIONS AND RECOMMENDATIONS
Certain conclusions can be drawn from this on-going study with reference to the 
corrosiveness of CMA and its implication about the life cycle of concrete bridges. These can 
be summarised as follows:
i. CMA has produced no corrosion of the rebar within the first year of testing, while 
NaCl has produced corrosion, in the top bars of the low quality specimens 
(w/c=0.65).
ii. The water/cement ratio of concrete and the depth of cover do not seem to play a 
significant part in the half-cell potential readings taken from samples ponded with 
water and CMA. This implies that CMA, unlike NaCl, does not contain deleterious 
ions which can facilitate the corrosion of the rebar.
iii. The fact that CMA does not seem to facilitate rebar corrosion implies that all 
maintenance and repair work on concrete bridges could be avoided.
However, it needs to be established whether or not the CMA can compromise the quality of 
concrete in a different manner. A possible formation of expansive or non-cementitious 
products due to this agent could create cracks, which could, in turn, facilitate carbonation or 
the ingress of other aggressive ions. The need, therefore, for a microstructural investigation 
that could identify such adverse effects, becomes evident. This realisation has triggered a 
relevant microstructural investigation in the University of Surrey as part of the 
aforementioned, larger project currently.
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ABSTRACT
This study investigates sodium acetate [NAAC], a rather neglected bio-degradable de-icer, 
which may, however, present a viable solution towards sustainable and environment-friendly 
winter operations in certain situations. The results presented here are a selection of data 
obtained by SEM imaging and element mapping, together with X-Ray diffractometry in order 
to demonstrate the benign nature of NAAC solutions with regard to their interaction with 
cement pastes. The effect of the inclusion of microsilica in the cement paste in these tests is 
evaluated through the use of pure OPC and microsilica containing specimens. The results 
obtained suggest that sodium acetate is an effective de-icer that may deserve as much 
attention by researchers and the industry, in the same way as other well known alternative de- 
icers
INTRODUCTION
In June 2009, the Institution of Civil Engineers [ICE] launched a report on infrastructure 
resilience in the UK [Institution of Civil Engineers 2009]. During the launch, ICE president 
Jean Venables was quoted saying “Neglecting our critical infrastructure could result in major 
damage to our economy, environment and at the very worst, loss of life” [NCE 2009]. The 
report, only highlighted the fact that over the last few decades, the infrastructure in the UK 
and other developed nations has been facing severe and costly maintenance problems, a large 
percentage of which concerns the deterioration of highway bridges and multi-storey parking 
buildings. The main factor contributing to the damage of these valuable assets is the 
corrosive effect of chloride-based chemicals used for ice-melting in winter operations 
[Pullar-Strecker 2002;Richardson 2002]. Chloride de-icers and mainly rock salt have been the 
most widely used agents world-wide, due to their low cost and ease of application [TRB 
1991]. However, the long term damage they produce through corrosion of steelwork and 
concrete reinforcement, may dwarf short term economic benefits.
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As an indication, the cost of corrosion solely in the construction sector in the UK has been 
estimated around £2.5 billion [PRA 2003], while costs for repair and rehabilitation of 
highway bridges in the same country has been estimated to be in the range of £616.5 million 
[Wallbank 1989]. This expenditure would amount to about 0.13% of the GDP of the UK 
[Office for National Statistics 2005]. Several surveys carried out in different countries have 
revealed that the cost of maintaining, repairing and replacing deficient bridge structures 
amounts to similarly significant percentages of their Gross Domestic Product [JACC 
1999;TRB 1991]. Such figures do not include damage on roadside objects, vehicles, loss of 
floral and faunal species, surface water quality, the adverse effects on soil structure and the 
migration of sodium and chloride ions into water supplies [TRB 1991], traffic delays and 
subsequent lost productivity as well as funds allocated for the planning and scheduling of the 
repair and rehabilitation strategies. It is, estimated that indirect costs can amount to ten times 
the value of direct costs [Koch et al. 2002;TRB 1991].
The negative effects of chloride de-icers did not go unnoticed by academics and construction 
professionals who have sought innovative ways to protect corrosion-prone concrete structures. 
Apart from designing for durability, part of the focus of relevant research has been on 
alternative, non-corrosive de-icing chemicals. A “family” of de-icers that could potentially 
fulfil this demand are the acetate-based de-icers. The US Federal Highways Agency, 
identified Calcium Magnesium Acetate [CMA] as a possible alternative to rock salt and 
subsequently funded a number of projects to evaluate it, in terms of its ice-melting 
effectiveness and effects on structures [Kennelley & Locke 1990;Locke & Boren 
1987;McCrum 1988;McCrum 1989;Miller 1993;Slick 1988;TRB 1991]. A report carried out 
following a request by the US congress identified the benefits which could arise from the 
replacement of rock salt by CMA but at the same time highlighted that it is doubtful whether 
a complete substitution would provide the expected financial benefits due to its high cost of 
production but also due to insufficient data regarding the long-term effects.
However, sodium acetate, another commercially available de-icer, which is currently used on 
airport runways and few urban roads and highways at locations experiencing prolonged 
winters, may have been overlooked. Literature on the effects of sodium acetate on building 
materials is very scarce, as the weight of research was placed on CMA.
MAIN OBJECTIVES
The work presented in this paper aims to identify possible effects, if any, on the 
microstructure of OPC and microsilica containing cement paste in contact with NAAC 
solutions and to determine the depth from the exposed surface of the paste at which changes, 
if any, take place.
BACKGROUND
As mentioned above after recognition of the potential benefits of acetate-based de-icers [TRB
1991], funding became available in the USA for research almost exclusively into CMA, while 
other acetate de-icers including sodium acetate seem to have been neglected. This may have 
also possibly been due to some early environmental concerns [Fischel 2001]. Despite 
concerns about Biological Oxygen Demand (BOD) and Dissolved Oxygen (DO) levels of 
receiving waters practical experience in Aspen and Snowmass, Colorado, USA, has recorded 
no adverse effects [The City of Aspen 2002a;The City of Aspen 2002b].
Regarding the ice-melting performance of sodium acetate. Table 1 displays its eutectic and 
effective temperatures against those of sodium chloride and CMA. The effective temperatures 
are the lowest temperatures that these chemicals have been observed to effectively melt ice 
under real conditions. It becomes obvious that the effective temperature of sodium acetate is
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much lower than that of the other two chemicals due to the fact that it possesses exothermic 
properties.
Table 1. Eutectic and Effective Temperatures of selected de-icers [CRC Press 
2000;Mangold 2004]
DE-ICER Eutectic Concentration (%)
Eutectic Temperature 
(C)
Effective
Temperature
(C)
CMA 32.60 -27.78 -6.67
NAAC 27.00 -21.67 -15.00
Sodium
Chloride 23.00 -2 1 .1 2 -9.44
In the UK, a study conducted in 2005, in order to evaluate the effectiveness of acetate de-icers, 
concluded that the recommended application rates’ ranges are, according to the authors, 2 0 - 
40g/m  ^for CMA, 15-25g/m  ^ for NAAC and 10-40 g/m  ^for rock salt. The finding that less 
NAAC is required than CMA to achieve comparable results is in line with the NAAC’s lower 
eutectic concentration and lower effective temperature reported in Table 1.
MATERIALS
Cement composition
The cement composition used in this study is shown in Table 2, below.
Table 2. Composition of cement used
Oxide SiOz AI2O3 FezOs CaO MgO SO3 KzO NazO EqNazOFCaO L.O.I.
(%) 20.62 5.02 2.50 65.24 1.11 2.85 0.56 0.20 0.57 0.86 1.20
The sodium acetate used was the commercially available NAAC produced by Cryotech which 
contains less than 1% b.w. a phosphorus-based corrosion inhibitor.
Scanning Electron Microscope imaging
The prisms were immersed in a NAAC solution with a concentration of 4.367% b.w., which 
was chosen as it demonstrates the same freezing point as a 3.5% b.w. NaCl solution, which 
approximates the concentration of NaCl in seawater and was arbitrarily used as a control in 
this general project.
EXPERIMENTAL DETAILS
Exposure regime
Cement paste prisms (10 mm x 10 mm x 110 mm), with a 0.4 w/c ratio were cast and then 
placed in the curing room at 20°C. The following day they were de-moulded before being 
placed back in the curing room for a further 27 days. After the completion of curing, they 
were placed in a space with a temperature of 20°C and 70% relative humidity. The prisms 
underwent the exposure to the chemicals under examination in this temperature and relative
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humidity. Specimens intended for SEM imaging were then coated with two coats of resin. 
The hardened resin together with the as-cast surface was removed from one of the two smaller 
faces of the prism, with a diamond saw to make sure that the flow of the de-icer solution from 
that contact face would be unidirectional so that the depth of possible effects on the paste 
could be estimated with higher precision. Specimens for X-Ray diffraction tests were not 
coated. The exposure regime of the specimens involved two-weekly cycles (one week 
immersed in solution and one week dry). The wet-dry cycles were designed to provide 
correlation with the ponding regime performed on slab specimens designed for rebar 
corrosion testing, which was part of this general study.
Scanning Electron Microscope imaging
The effect of the immersion process was microscopically examined at 1 year after the end of 
the curing process,. The examination was performed with a HITACHI 3200 SEM. The 
specimens were cut along the centre of their longitudinal axis, which allowed visualisation of 
the effects of the solutions on the cut profile. Samples were carbon coated before they were 
viewed in the SEM. Element maps were taken with the microscope in order to identify the 
elements and possible compound formations.
X-Ray diffractometry
In the case of the XRD spectrometry tests, just before testing, the specimens were ground 
using mortar and pestle and passed through a 50pm sieve. When adequate quantity of at least 
Ig of ground sample was collected, it was sprayed with acetone to remove any water or 
moisture still present in the fine powder. When the acetone evaporated, the sample was 
immediately taken for testing to avoid carbonation.
In order to identify phases present in small quantities, in surface layers, the surface of separate 
specimens was scraped using a razor blade, taking extra care to ensure fineness of the 
resulting powder. Although the final quantity of material collected in this manner was usually 
small, it was mounted on special backing plates, which allowed the thin layer of powder to be 
analysed by the diffractometer. Powder samples were mounted on a special plate. The top 
surface of the sample was then pressed fiat at the same level as the top surface of the plate and 
any excess powder was removed with a brush. The plate was, in turn, inserted into the 
diffractometer. The cabin door was then properly locked and data was acquired with the help 
of a computer and specialised software X’Pert Data Collector by Panalytical. The 
diffractometer used in this study was the Panalytical X’Pert Pro. Measurements were between 
20 angles of 10 to 60 and the 20 step size of the scan was 0.017. Each scan lasted eight 
minutes. X-ray diffraction spectrometry test results presented in this paper are the ones taken 
at 1 year after the end of curing. The data was analysed with the help of the X’pert Highscore 
software by Panalytical. The results were used for correlation with the findings of the SEM 
investigation.
RESULTS
The SEM images and element maps presented are of a xl200magnification. and they 
represent the top part of cut profiles as described above. Thus, the exposed surface of the 
sample is at the top of the picture. XRD curves and derived matched phases are also presented 
in this section.
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100pm
SEM image
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Calcium map
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Sodium map
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Phosphorus map
lOOgrn
Silicon map
100pm
Carbon map
Fig. 1. SEM image and element maps for OPC specimens after one year of 
exposure
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SEM image
Calcium map
100pm
Sodium map
1 ÛÛgm
Phosphorus map
100pm
Silicon map
100pm
Carbon map
Fig. 2. SEM image and element maps for 90% OPC / 10% Microsilica 
specimens after one year of exposure
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Fig. 3. Derived peak list and peak list of matching compounds for OPC 
specimens after one year of exposure
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Fig. 4. Derived peak list and peak list of matching compounds for 90% OPC / 
1 0 % microsilica specimens after one year of exposure
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Fig. 5. Derived peak list and peak list of matching compounds for surface 
material from OPC specimens after one year of exposure
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Fig. 6. Derived peak list and peak list of matching compounds for surface 
material from 90% OPC / 10% microsilica specimens after one year of exposure
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DISCUSSION
Figures 1 and 2 illustrate the SEM images of the cut profile of OPC specimens and specimens 
with a 10% replacement of OPC by microsilica respectively along with their associated 
element maps, after 1 year of exposure. Element mapping after 1 year detects a 25-30pm thick 
layer of deposits that contains calcium, carbon, phosphorus mainly in the upper half and lower 
quantities of sodium in the OPC specimens. A very similar layer is observed in the 
microsilica-containing specimens although its depth is about half the size. It is possible that in 
both cases this layer consists of calcium phosphates precipitating on the surface of the 
specimens, which is a common occurrence when de-icers contain phosphoms-based corrosion 
inhibitors, and recrystallised sodium acetate along with calcium carbonate [Jang, Iwasaki, & 
Weiblen 1995]. This may be occurring, as leaching of calcium hydroxide, encouraged by the 
presence of Na"^  in the solution, leads to the formation what may be a calcium phosphate 
compound. Such a deposit could obstruct the interaction between the specimens and their 
surrounding solutions, acting therefore, as a protective barrier against ion ingress [Jang, 
Iwasaki, & Weiblen 1995]. Alternatively, if deposited in cracks, it could enlarge their size, 
making the cement paste more susceptible to ingress of aggressive agents. The fact that 
microsilica-containing specimens demonstrate a deposit layer of smaller thickness could be 
another indication that the compounds therein are the ones mentioned above, since the 
inclusion of silica fume leads to higher consumption of calcium hydroxide and therefore its 
lower availability for leaching and for the formation of calcium-containing compounds on the 
surface. _ .
As shown in Figures 3 and 4, X-Ray diffraction does not detect the phosphates in question or 
any calcium carbonate, either in OPC specimens or in microsilica-containing specimens. It is 
possible that both these compounds would be missed by this test due to their low quantity 
with respect to the ground specimens taken from the prisms. Surprisingly, these phosphates 
do not seem to be detected in the results of the XRD scans on material taken from the surface 
of both OPC and microsilica-containing specimens in Figures 5 and 6 respectively, which 
casts some doubt on whether the observed features are, in fact, precipitated calcium 
phosphates. Instead these scans detect only the presence of calcite.
However, the phosphorus observed in the SEM images is a result of the inhibitor contained in 
the commercial sodium acetate product used in this study. The direct effects of sodium acetate 
however, seem to be limited to the presence of Sodium in the surface layers of the specimens, 
which are quite likely, deposits. It is possible that sodium, as mentioned above, encourages 
the leaching of calcium hydroxide. Thus, the only effect of sodium acetate on cement paste 
could be this accelerated leaching which is largely alleviated in the microsilica-containing 
prisms.
CONCLUSIONS
Sodium acetate seems to be able to melt ice at lower temperatures than NaCl and has 
performed satisfactorily where it has been used. Despite some concerns raised about its 
possible impact on the natural environment practical experience has shown no noticeable 
effects. This study has shown that there do not seem to be significant effects on the concrete 
paste which can be directly attributed to contact with the sodium acetate solution, after one 
year of testing. It appears, therefore, that this somewhat overlooked de-icer could be a choice 
worth of further research and consideration for inclusion in de-icing operations.
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APPENDIX D XRD RESULTS
This appendix presents the comprehensive reports from the XRD tests in this study. 
The resulting curves from the XRD tests are shown, for each specimen. Details of the 
peak lists of the curves are tabulated and the matching compounds are identified in 
each case.
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Specimen: PC-CURED
C o i i t
no-
Peak List
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacinq[Â] Rel.Int.[%]
Tipwidth[°2Th, Matched by
15 .7 8 0 8  1 4 3 . 4 6 0 . 1 6 7 3 5 . 6 1 5 8 4 4 . 7 5
0 . 2 0 0 7
18,. 0 3 3 8  3 0 0 7 . 6 3 0 . 1 0 0 4 4 . 9 1 9 0 3 9 9 . 5 2
0.1204 01-084-1271
1 8 , . 9 2 5 2  1 0 3 . 6 1 0 . 2 6 7 6 4 . 6 8 9 2 9 3 . 4 3
0 . 3 2 1 2
2 2 , . 9 4 2 3  2 4 7 . 6 6 0 . 1 3 3 8 3 . 8 7 6 5 0 8 . 2 0
0 . 1 6 0 6 0 0 - 0 4 2 - 0 5 5 1
2 6  ,. 6 4 2 7  5 6 6 . 5 6 0 . 1 1 7 1 3 . 3 4 5 9 0 1 8 . 7 5
0 .1405
2 8 ,.6674 564.68 0 . 0 8 3 6 3 . 1 1 4 0 3 2 1 . 9 9
0 . 1 0 0 4 01-084-1271
2 9  ,. 3 9 2 9  1 2 6 2 . 6 5 0.1171 3 . 0 3 8 8 0 4 1 .  7 8
0 .1405 00-042-0551
30.. 0 2 0 1  2 0 1 . 3 9 0 . 1 3 3 8 2 . 9 7 6 7 2 6 . 6 6
0 . 1 6 0 6 00-042-0551
31., 0 2 2 1  1 7 3 . 5 2 0 . 1 3 3 8 2 . 8 8 2 8 2 5 . 7 4
0 . 1 6 0 6
3 2 . , 1 3 2 4  1 1 6 4 . 5 3 0.0669 2 . 7 8 5 7 0 3 8 . 5 3
0 . 0 8 0 3 0 0 - 0 4 2 - 0 5 5 1
3 2 . , 5 2 7 8  8 6 3 . 8 7 0 . 0 6 6 9 2 . 7 5 2 7 4 2 8 . 5 9
0 . 0 8 0 3 0 0 - 0 4 2 - 0 5 5 1
33., 2 4 4 7  2 3 8 . 3 4 0 . 1 3 3 8 2 . 6 9 5 0 0 7 . 8 9
0 . 1 6 0 6 00-042-0551
34., 0 8 2 1  3 0 2 2 . 1 0 0.1171 2 . 6 3 0 6 8 1 0 0 . 0 0
0 . 1 4 0 5 01-084-1271
35., 0 9 4 3  1 5 8 . 5 5 0 . 3 3 4 6 2 . 5 5 7 0 9 5 . 2 5
0 . 4 0 1 5
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3 5 .  
0 . 2 4 0 9
3 6 .  
0 . 3 2 1 2
3 8 .  
0 . 2 4 0 9
3 9 . 
0 . 1 6 0 6
41 .
0 . 2 0 0 7
4 3 .  
0 . 2 4 0 9
4 4 .  
0 . 4 0 1 5
4 4 .  
0 . 3 2 1 2
4 5 .  
0 . 2 4 0 9
47 .  
0 . 1 8 0 7
48.  
0 . 2 8 1 0
5 0 .
0 . 0 7 3 4
5 0 .  
0 . 1 0 0 4
5 1 .  
0 . 1 6 0 6
5 4 .
0 . 1 0 0 4
5 6 .
0 . 1 2 0 4
5 9 .
0 . 2 9 3 8
9687
6325
0 1 - 0 8 4 -
6878
0 0 - 0 4 2 -
3890
1911
0 0 - 0 4 2 -
1519
1103
6695
7405
0 0 - 0 4 2 -  
1022
0 1 - 0 8 4 -  
4984
1214
7804
0 1 - 0 8 4 -
6884
0 0 - 0 4 2 -  
3268
0 1 - 0 8 4 -  
3 518
0 0 - 0 4 2 -  
4111
0 1 - 0 8 4 -
1 1 0 . 6 9
1 2 5 . 6 6  
- 1 2 7 1 ; 0 0 . .
1 1 8 . 4 9  
■0551
2 6 4 . 5 0
4 3 1 . 9 6
-0551
1 9 5 . 0 2
1 4 3 . 0 0
1 3 6 . 1 4
1 8 9 . 5 6
-0551
1 5 6 3 . 0 5
-1271
1 7 0 . 4 6
4 3 6 . 3 0
1 1 7 4 . 8 9
-1271
3 9 2 . 6 5  
-0551
4 8 7 . 9 9
-1271
2 3 6 . 3 6
- 0551
1 3 4 . 6 5  
- 1271
0 . 2 0 0 7 2 . 4 9 6 9 0 3 . 6 6
0 . 2 6 7 6 2 . 4 5 3 1 7 4 . 1 6
0 . 2 0 0 7 2 . 3 2 7 4 4 3 . 9 2
0 . 1 3 3 8 2 . 2 8 7 6 1 8 . 7 5
0 . 1 6 7 3 2 . 1 9 1 6 0 1 4 . 2 9
0 . 2 0 0 7 2 . 0 9 6 4 5 6 . 4 5
0 . 3 3 4 6 2 . 0 5 3 1 0 4 . 7 3
0 . 2 6 7 6 2 . 0 2 8 6 9 4 . 5 0
0 . 2 0 0 7 1 . 9 8 3 6 5 6 . 2 7
0 . 1 5 0 6 1 . 9 2 9 4 3 5 1 . 7 2
0 . 2 3 4 2 1 . 8 7 7 1 0 5 . 6 4
0 . 0 6 1 2 1 . 8 1 8 5 5 1 4 . 4 4
0 . 0 8 3 6 1 . 7 9 7 9 7 3 8 . 8 8
0 . 1 3 3 8 1 . 7 6 8 5 1 1 2 . 9 9
0 . 0 8 3 6 1 . 6 8 8 6 9 1 6 . 1 5
0 . 1 0 0 4 1 . 6 3 2 7 2 7 . 8 2
0 . 2 4 4 8 1 . 5 5 4 4 6 4 . 4 6
Pattern List
V i s i b l e  R e f . C o d e S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c .  Chem.  Fo r mul a
* 0 1 - 0 8 4 - 1 2 7 1  
1 . 1 0 2  Ca ( 0  H ) 2
* 0 0 - 0 4 2 - 0 5 5 1  
0 . 2 9 0  Ca3 S i  05
50 C a l c i u m  H y d r o x i d e  
52 C a l c i u m  S i l i c a t e
0 . 0 3 8
- 0 . 1 5 7
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Specimen: SIFU-CURED
C oiit
3 6 0 0 -
1600 -
30 5020 40
Poîittoi [Yneq
Peak List
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel.Int. [ %]
Tipwidth[°2Th.] Matched 
1 0 . 8 0 8 0  4 9 . 6 4
by
0 . 8 0 2 9 8 . 1 8 6 0 0 1 . 4 9
0 . 9 6 3 5
1 5 . 7 9 6 5  1 8 8 . 0 8 0 . 1 3 3 8 5 . 6 1 0 3 3 5 . 6 6
0 . 1 6 0 6
1 8 . 0 4 5 7  2 3 4 8 . 9 7 0 . 1 0 0 4 4 . 9 1 5 7 9 7 0 . 6 7
0 . 1 2 0 4  0 0 - 0 3 3 - 0 3 0 2 ; 0 1 . .  
1 8 . 9 1 8 5  1 1 7 . 6 8 0 . 1 6 7 3 4 . 6 9 0 9 3 3 . 5 4
0 . 2 0 0 7  0 0 - 0 3 3 - 0 3 0 2
2 2 . 9 4 4 7  2 3 7 . 5 8 0 . 2 0 0 7 3 . 8 7 6 1 0 7.15
0 . 2 4 0 9
2 5 . 6 4 9 4  1 0 1 . 1 4 0 . 2 0 0 7 3 . 4 7 3 1 8 3 . 0 4
0 . 2 4 0 9
2 8 . 6 7 3 1  6 1 3 . 0 8 0 . 0 5 0 2 3 . 1 1 3 4 2 1 8 . 4 5
0 . 0 6 0 2  0 1 - 0 8 1 - 2 0 4 1
2 9 . 3 5 4 0  5 9 7 . 1 0 0 . 0 8 3 6 3 . 0 4 2 7 3 1 7 . 9 6
0 . 1 0 0 4  0 0 - 0 3 3 - 0 3 0 2
3 1 . 0 3 6 3  1 7 1 . 2 2 0 . 1 6 7 3 2 . 8 8 1 5 4 5 .15
0 . 2 0 0 7  0 0 - 0 3 3 - 0 3 0 2
3 2 . 1 3 8 3  1 0 6 2 . 2 0 0 . 0 5 0 2 2 . 7 8 5 2 1 3 1 . 9 6
0 . 0 6 0 2  0 0 - 0 3 3 - 0 3 0 2
3 2 . 5 3 7 6  6 5 6 . 6 8 0 . 0 8 3 6 2 . 7 5 1 9 3 1 9 . 7 6
0 . 1 0 0 4  0 0 - 0 3 3 - 0 3 0 2
3 3 . 2 4 5 8  1 4 5 . 4 5 0 . 1 0 0 4 2 . 6 9 4 9 2 4 . 3 8
0 . 1 2 0 4
3 4 . 0 8 5 9  3 3 2 3 . 7 5 0.1171 2 . 6 3 0 3 9 1 0 0 . 0 0
0 . 1 4 0 5  0 1 - 0 8 1 - 2 0 4 1
3 5 . 0 5 7 0  2 2 2 . 3 6 0 . 2 0 0 7 2 . 5 5 9 7 2 6 . 6 9
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0 . 2 4 0 9 0 0 - 0 3 3 - 0 3 0 2
36 . 6415  1 2 2 . 6 0 0 . 2 6 7 6 2 . 4 5 2 5 8 3 . 6 9
0 . 3 2 1 2 0 0 - 0 3 3 - 0 3 0 2 ; 0 1 .  .
37 . 3 6 2 0  1 2 6 . 6 4 0 . 2 0 0 7 2 . 4 0 6 9 3 3 . 8 1
0 . 2 4 0 9 0 0 - 0 3 3 - 0 3 0 2
39 . 4 2 7 7  1 4 1 . 1 1 0 . 2 0 0 7 2 . 2 8 5 4 6 4 . 2 5
0 . 2 4 0 9 0 0 - 0 3 3 - 0 3 0 2
41 . 1 8 4 6  5 4 8 . 1 0 0 . 1 0 0 4 2 . 1 9 1 9 3 1 6 . 4 9
0 . 1 2 0 4 0 0 - 0 3 3 - 0 3 0 2
44 . 0 9 8 5  1 1 1 . 6 0 0 . 2 6 7 6 2 . 0 5 3 6 2 3 . 3 6
0 . 3 2 1 2 0 0 - 0 3 3 - 0 3 0 2
44 . 7 1 8 7  1 0 8 . 7 3 0 . 2 0 0 7 2 . 0 2 6 5 7 3 . 2 7
0 . 2 4 0 9 0 0 - 0 3 3 - 0 3 0 2
45 . 7 4 8 3  1 3 2 . 5 4 0 . 4 6 8 4 1 . 9 8 3 3 3 3 . 9 9
0 . 5 6 2 1 0 0 - 0 3 3 - 0 3 0 2
47 . 1 1 7 9  1 5 0 7 . 7 5 0 . 1 6 7 3 1 . 9 2 8 8 3 4 5 . 3 6
0 . 2 0 0 7 0 1 - 0 8 1 - 2 0 4 1
50 . 0 3 5 2  2 4 3 . 3 2 0 . 2 0 0 7 1 . 8 2 2 9 9 7 . 3 2
0 . 2 4 0 9 0 0 - 0 3 3 - 0 3 0 2
50 . 7 8 2 4  1 2 4 5 . 1 5 0 . 0 8 1 6 1 . 7 9 6 4 2 3 7 . 4 6
0 . 0 9 7 9 0 0 - 0 3 3 - 0 3 0 2 ; 0 1 .  .
50 . 9 0 5 0  6 9 2 . 5 6 0 . 0 8 1 6 1 . 7 9 6 8 4 2 0 . 8 4
0 . 0 9 7 9
51 . 6 8 1 5  2 1 1 . 5 0 0 . 2 0 4 0 1 . 7 6 7 2 6 6 . 3 6
0 . 2 4 4 8 0 0 - 0 3 3 - 0 3 0 2
54 . 3359  5 3 7 . 9 8 0 . 1 0 2 0 1 . 6 8 7 0 3 1 6 . 1 9
0 . 1 2 2 4 0 0 - 0 3 3 - 0 3 0 2 / 0 1 .  .
55 . 1 9 3 8  1 3 6 . 2 8 0 . 4 8 9 6 1 . 6 6 2 8 2 4 . 1 0
0 . 5 8 7 5
56 . 3 7 1 1  3 1 4 . 7 8 0 . 0 6 1 2 1 . 6 3 0 8 5 9 . 4 7
0 . 0 7 3 4 0 0 - 0 3 3 - 0 3 0 2
58 . 6341  8 8 . 6 3 0 . 3 2 6 4 1 . 5 7 3 1 9 2 . 6 7
0 . 3 9 1 7 0 0 - 0 3 3 - 0 3 0 2
59 . 4 2 0 0  1 1 7 . 8 9 0 . 2 4 4 8 1 . 5 5 4 2 4 3 . 5 5
0 . 2 9 3 8 0 1 - 0 8 1 - 2 0 4 1
Pattern List
V i s i b l e  R e f . C o d e  S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  :F a c .  Chem.  Fo r mul a
■k 0 0 - 0 3 3 - 0 3 0 2  51 L a r n i t e , s y n - 0 . 0 1 8
0 . 2 0 9 Ca2 S i  04
0 1 - 0 8 1 - 2 0 4 1  49 C a l c i u m H y d r o x i d e - 0 . 0 3 4
0 . 9 1 8 Ca ( 0  H ) 2
362-
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Specimen: PC-WATER-3M
C o i i t I 1 i l l  i l l !  Î! II I i  i H  i l l i i  I I I  i !
3600-
1600-
OOltK) Kjnxpc
" ......r  . , I , ,
20
Peak List
Pos.[°2Th.] Height[cts]
' ' ' ' 1 ' ’
30
rzTkti
FWHM[°2Th. ]
■ ■ 1 .........................1 ■ ■ ■
W 50
d-spacing[Â] Rel Int.[%]
Tipwidth[ ° 2Th.] Matched by
1 1 . 6 7 4 7  2 4 6 . 3 7 0 . 1 0 0 4 7 . 5 8 0 1 4 7 . 1 4
0 . 1 2 0 4
1 5 . 7 8 0 2  2 3 1 . 8 9 0 . 1 3 3 8 5.51606 6 . 7 2
0 . 1 6 0 6
1 8 . 0 3 1 3  2 6 0 4 . 5 3 0 . 0 8 3 6 4 . 9 1 9 7 1 7 5 . 4 7
0 . 1 0 0 4  0 1 - 0 8 4 - 1 2 6 3
1 8 . 8 8 2 4  1 3 5 . 9 1 0 . 2 0 0 7 4 . 6 9 9 8 3 3 . 9 4
0 . 2 4 0 9
2 0 . 8 3 0 3  1 6 5 . 4 6 0 . 1 0 0 4 4 . 2 6 4 5 2 4 .  79
0 . 1 2 0 4
2 2 . 9 3 1 3  3 1 8 . 1 6 0 . 1 6 7 3 3 . 8 7 8 3 3 9 . 2 2
0 . 2 0 0 7  0 1 - 0 8 3 - 1 7 6 2
2 3 . 5 0 2 9  1 1 9 . 2 8 0 . 2 0 0 7 3 . 7 8 5 2 9 3 . 46
0 . 2 4 0 9
2 5 . 6 2 1 9  1 2 0 . 0 0 0 . 2 0 0 7 3 . 4 7 6 8 5 3 . 4 8
0 . 2 4 0 9
2 6 . 5 7 4 1  1 9 1 2 . 2 1 0 . 0 5 0 2 3 . 3 5 4 3 8 5 5 . 4 1
0 . 0 6 0 2
2 8 . 6 4 8 5  7 4 9 . 1 6 0 . 0 5 0 2 3 . 1 1 6 0 4 21 . 71
0 . 0 6 0 2  0 1 - 0 8 4 - 1 2 6 3
2 9 . 3 4 9 8  7 5 6 . 4 9 0 . 1 3 3 8 3 . 0 4 3 1 6 2 1 . 9 2
0 . 1 6 0 6  0 1 - 0 8 3 - 1 7 6 2
3 2 . 0 9 4 2  5 9 8 . 4 1 0 . 2 0 0 7 2 . 7 8 8 9 3 1 7 . 3 4
0 . 2 4 0 9
3 2 . 5 0 4 4  6 0 4 . 9 3 0 . 0 5 0 2 2 . 7 5 4 6 6 1 7 . 5 3
0 . 0 6 0 2
- 363 -
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34 .  
0 . 1 2 0 4
3 5 .  
0 . 3 2 1 2
36 .  
0 . 3 2 1 2
39.  
0 . 2 4 0 9
40.  
0 . 2 0 0 7
41.  
0 . 1 6 0 6
43.  
0 . 2 4 0 9
44.  
0 . 2 4 0 9
44.  
0 . 4 8 1 8
45.  
0 . 3 2 1 2
47,
0 . 1 6 0 6
49,  
0 . 4 0 1 5
50,  
0 . 1 0 0 4
51,  
0 . 0 8 0 3
54,  
0 . 1 6 0 6
55,  
0 . 3 2 1 2
56,  
0 . 1 2 0 4
59
0 . 3 9 1 7
0667
0 1 - 0 8 4 -
0390
0398
0 1 - 0 8 3 -
4336
0 1 - 0 8 3 -
9198
1644
1804
0 1 - 0 8 3 -
0598
6923
7463
0974
0 1 - 0 8 4 -
9870
7573
0 1 - 0 8 4 -
6301
3 1 5 2
0 1 - 0 8 4 -
2 245
3463
0 1 - 0 8 4 -
3715
0 1 - 0 8 4 -
3 4 5 0 . 9 3
1263
2 1 2 . 7 1
8 3 . 3 9
1762
1 8 6 . 7 0
1762
2 6 2 . 3 2
2 8 2 . 6 9
1 1 3 . 5 0
1762
1 2 8 . 3 7
9 4 . 9 4
1 2 1 . 6 5
1 5 3 4 . 0 4  
■1263; 01 .  .
2 5 3 . 7 8
1 1 5 5 . 4 9
■1263
2 7 3 . 5 7
5 5 8 . 7 8  
■1263
1 8 1 . 8 4
2 1 3 . 6 5
-1263
1 0 1 . 4 9
■1263
0 . 1 0 0 4 2 . 6 3 1 8 3 1 0 0 . 0 0
0 . 2 6 7 6 2 . 5 6 0 9 9 6 . 1 6
0 . 2 6 7 6 2 . 4 9 2 1 4 2 . 4 2
0 . 2 0 0 7 2 . 2 8 5 1 3 5 . 4 1
0 . 1 6 7 3 2 . 2 0 5 5 0 7 . 6 0
0 . 1 3 3 8 2 . 1 9 2 9 6 8 . 1 9
0 . 2 0 0 7 2 . 0 9 5 1 3 3 . 2 9
0 . 2 0 0 7 2 . 0 5 5 3 4 3 . 7 2
0 . 4 0 1 5 2 . 0 2 7 7 1 2 . 7 5
0 . 2 6 7 6 1 . 9 8 3 4 1 3 . 5 3
0 . 1 3 3 8 1 . 9 2 9 6 2 4 4 . 4 5
0 . 3 3 4 6 1 . 8 2 4 6 4 7 . 3 5
0 . 0 8 3 6 1 . 7 9 8 7 4 3 3 . 4 8
0 . 0 6 6 9 1 . 7 7 0 3 7 7 . 9 3
0 . 1 3 3 8 1 . 6 8 9 0 2 1 6 . 1 9
0 . 2 6 7 6 1 . 6 6 3 3 5 5 . 2 7
0 . 1 0 0 4 1 . 6 3 2 8 6 6 . 1 9
0 . 3 2 6 4 1 . 5 5 5 4 0 2 . 9 4
Pattern List
V i s i b l e  R e f . C o d e S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c .  Chem.  Fo r mul a
* 0 1 - 0 8 4 - 1 2 6 3  
0 . 8 7 1  Ca ( 0  H ) 2
* 0 1 - 0 8 3 - 1 7 6 2  
0 . 2 4 0  Ca ( C 03 )
50 C a l c i u m  H y d r o x i d e  
35 C a l c i t e
- 0 . 0 6 1
- 0 . 0 8 2
-364-
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Specimen: PC-WATER-IY
!! I
1Ô00 -
C O Ito H y T -O D C B »
poîiOûi nmeq
Peak List
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel.Int.[%] 
Tipwidth[°2Th.] Matched by
11.5665 6 2 . 9 3 0 . 8 0 2 9 7 . 6 5 0 8 0 2 . 6 6
0 . 9 6 3 5
1 2 . 1 9 0 3 7 0 . 5 0 0 . 2 0 0 7 7 . 2 6 0 6 9 2 . 9 8
0 . 2 4 0 9
1 5 . 8 3 8 9 1 3 1 . 5 4 0 . 1 0 0 4 5 . 5 9 5 4 0 5 . 5 6
0 . 1 2 0 4
1 8 . 1177 2 3 6 6 . 0 8 0 . 1 0 0 4 4 . 8 9 6 4 3 100.00
0 . 1 2 0 4  0 1 - 0 8 4 - 1265
1 8 . 9 8 7 3 8 3 . 1 2 0 . 2 0 0 7 4 . 6 7 4 0 9 3 . 5 1
0 . 2 4 0 9
2 3 . 0 4 0 0 153.21 0 . 1 6 7 3 3 . 8 6 0 2 9 6 . 4 8
0 . 2 0 0 7
2 8 . 7 3 9 3 3 5 9 . 3 8 0.1171 3 . 1 0 6 4 1 15 .19
0.1405 0 1 - 0 8 4 - 1265
2 9 . 4 5 9 7 5 1 8 . 2 2 0 . 1 0 0 4 3 . 0 3 2 0 6 2 1 . 9 0
0 . 1 2 0 4
3 2 . 2 1 8 6 2 0 7 . 2 2 0 . 1 3 3 8 2 . 7 7 8 4 4 8 . 7 6
0 . 1 6 0 6
3 4 . 1514 1 4 8 3 . 4 4 0.1171 2 . 6 2 5 5 0 6 2 . 7 0
0 . 1 4 0 5  0 1 - 0 8 4 - 1265
3 5 . 1 9 2 1 48 . 1 7 0 . 4 0 1 5 2 . 5 5 0 2 0 2 . 0 4
0 . 4 8 1 8
3 9 . 5 1 1 2 8 3 . 3 3 0 . 2 6 7 6 2 . 2 8 0 8 2 3 . 5 2
0 . 3 2 1 2
41.2137 8 7 . 2 8 0 . 2 0 0 7 2 . 1 9 0 4 5 3 . 6 9
0 . 2 4 0 9
4 7 . 1 7 5 4 5 5 2 . 3 1 0.1004 1 . 9 2 6 6 1 2 3 . 3 4
-365
Appendix D: XRD Results
0 . 1 2 0 4  0 1 - 0 8 4 - 1 2 6 5
5 0 . 1 0 1 7  6 4 . 8 6 0 . 4 6 8 4 1 . 8 2 0 7 3 2 .  74
0 . 5 6 2 1
5 0 . 8 5 0 9  4 2 8 . 6 9 0 . 0 6 1 2 1 . 7 9 4 1 6 1 8 . 1 2
0 . 0 7 3 4  0 1 - 0 8 4 - 1 2 6 5
5 4 . 4 0 7 4  1 5 8 . 5 4 0 . 1 3 3 8 1.6 863 8 6 . 7 0
0 . 1 6 0 6  0 1 - 0 8 4 - 1 2 6 5
5 5 . 2 1 0 3  5 0 . 2 3 0 . 4 8 9 6 1 . 6 6 2 3 6 2 . 1 2
0 . 5 8 7 5
Pattern List
Visible Ref.Code Score Compound Name Displ.[°2Th]
Scale Fac. Chem. Formula 
* 0 1 - 0 8 4 - 1 2 6 5  60 Calcium Hydroxide 0 . 1 0 3
0 . 8 2 1  Ca ( 0 H )2
Specimen: SIFU-WATER-3M
Coiit
1600 ■
9 00  -
iOO-
1 0 0 -
20 30  <0
coîiitoi rzT&eq
50
Peak List
Pos.[°2Th.] Heiqht[cts] FWHM[°2Th.] d-spacing[A] Rel.Int. [ %]
Tipwidth[°2Th.] Matched by
1 8 . 0 3 8 3  8 3 2 . 3 3 0.1171 4 . 9 1 7 7 9 57.11
0.1405 0 1 - 0 8 4 - 1 2 7 1
2 0 . 1 6 6 2  6 7 . 1 3 0 . 4 0 1 5 4 . 4 0 3 4 4 4 . 6 1
0 . 4 8 1 8
2 8 . 6 9 5 2  2 8 7 . 6 9 0 . 1 3 3 8 3.11108 19 . 74
0 . 1 6 0 6  0 1 - 0 8 4 - 1 2 7 1
366-
Appendix D: XRD Results
2 9 .
0 . 1 4 0 5
3 1 .  
0 . 2 4 0 9
3 2 .  
0 . 0 6 0 2
32 .  
0 . 1 0 0 4
3 3 .  
0 . 2 0 0 7
3 4 .  
0 . 1 6 0 6
37 .
0 . 9 6 3 5
3 9 .
0 . 1 6 0 6
41.
0 . 1 0 0 4
43.  
0 . 3 2 1 2
44.  
0 . 3 2 1 2
45.  
0 . 2 0 0 7
47.  
0 . 1 2 0 4
48.  
0 . 2 4 0 9
49 .  
0 . 5 6 2 1
50.  
0 . 1 0 0 4
51.  
0 . 0 9 7 9
51,
0 . 0 9 7 9
53.  
0 . 9 7 9 2
54.  
0 . 2 9 3 8
55.  
0 . 5 8 7 5
56
0 . 1 9 5 8
59
0 . 2 9 3 8
3 912
0 0 - 0 4 2 -
0237
1230
0 0 - 0 4 2 -
5 317
0 0 - 0 4 2 -
2 344
0 0 - 0 4 2 -  
0 9 2 5
0 1 - 0 8 4 -  
0507
4 1 6 2
1958
0 0 - 0 4 2 -
2311
1453
7285
0 0 - 0 4 2 -  
1252
0 1 - 0 8 4 -  
5216
9 7 2 6
0 0 - 0 4 2 -  
7881
0 1 - 0 8 4 -  
6 613
0 0 - 0 4 2 -  
8014
2 4 2 1
3 4 0 5
0 1 - 0 8 4 -  
2 9 3 1
3 6 6 2
0 0 - 0 4 2 -
4350
0 1 - 0 8 4 -
9 0 9 . 4 7  
0 551
1 0 4 . 1 6
9 8 9 . 9 8
■0551
6 8 4 . 8 8
0 551
1 6 6 . 6 4
•0551
1 4 5 7 . 3 4  
■ 1 271; 00 .  .
5 0 . 0 4
2 1 0 . 9 0
4 4 2 . 6 2
•0551
1 1 3 . 5 8
1 1 3 . 1 4
1 8 2 . 4 5
•0551
6 5 2 . 3 4  
■ 1 2 7 1 ; 0 0 . .
8 3 . 5 3
2 9 4 . 2 2
-0551
5 1 4 . 7 3
■1271
4 2 1 . 5 0
-0551
2 7 5 . 3 0
5 9 . 9 4
2 6 8 . 0 8  
- 1 2 7 1 ; 0 0 .  .
1 0 9 . 9 7
2 0 6 . 4 8
- 0551
7 4 . 1 9
- 1271
0 . 1 1 7 1 3 . 0 3 8 9 7 6 2 . 4 1
0 . 2 0 0 7 2 . 8 8 2 6 8 7 . 1 5
0 . 0 5 0 2 2 . 7 8 6 4 9 6 7 . 9 3
0 . 0 8 3 6 2 . 7 5 2 4 2 4 7 . 0 0
0 . 1 6 7 3 2 . 6 9 5 8 1 1 1 . 4 3
0 . 1 3 3 8 2 . 6 2 9 9 0 1 0 0 . 0 0
0 . 8 0 2 9 2 . 4 2 6 4 3 3 . 4 3
0 . 1 3 3 8 2 . 2 8 6 1 0 1 4 . 4 7
0 . 0 8 3 6 2 . 1 9 1 3 6 3 0 . 3 7
0 . 2 6 7 6 2 . 0 9 2 7 9 7 . 7 9
0 . 2 6 7 6 2 . 0 5 1 5 5 7 . 7 6
0 . 1 6 7 3 1 . 9 8 4 1 4 1 2 . 5 2
0 . 1 0 0 4 1 . 9 2 8 5 4 4 4 . 7 6
0 . 2 0 0 7 1 . 8 7 6 2 6 5 . 7 3
0 . 4 6 8 4 1 . 8 2 5 1 3 2 0 . 1 9
0 . 0 8 3 6 1 . 7 9 7 7 2 3 5 . 3 2
0 . 0 8 1 6 1 . 7 6 7 9 1 2 8 . 9 2
0 . 0 8 1 6 1 . 7 6 7 8 3 1 8 . 8 9
0 . 8 1 6 0 1 . 7 1 9 0 8 4 . 1 1
0 . 2 4 4 8 1 . 6 8 6 9 0 1 8 . 3 9
0 . 4 8 9 6 1 . 6 6 0 0 7 7 . 5 5
0 . 1 6 3 2 1 . 6 3 0 9 9 1 4 . 1 7
0 . 2 4 4 8 1 . 5 5 3 8 9 5 . 0 9
Pattern List
V i s i b l e  R e f . C o d e S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c .  Chem.  Fo r mul a
* 0 1 - 0 8 4 - 1 2 7 1  
0 . 9 0 6  Ca ( 0  H ) 2
* 0 0 - 0 4 2 - 0 5 5 1  
0 . 4 9 1  Ca3 S i  05
51 C a l c i u m  H y d r o x i d e  
56 C a l c i u m  S i l i c a t e
0 . 0 5 7
- 0 . 1 5 5
-367-
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Specimen: SIFU-WATER-IY 
( J  i ÏY ,
9 0 0 -
*0 0 -
1 0 0 -
C O U lD H y K lf lS n i l l i  2
w
" ............
20 30
■ ■ 1 .........................1 ■ ■ ■
10 50
Peak List
Pos.[°2Th.] Height[cts]
poiiitoi prijtf
FWHM[°2Th.] d-spacing[Â] Rel Int.[%]
Tipwidth[°2Th.] Matched 
1 5 . 7 9 6 7  1 5 9 . 3 9
by
0 . 1 3 3 8 5 . 6 1 0 2 5 1 9 . 2 2
0 . 1 6 0 6
1 8 . 0 5 3 8  8 2 9 . 3 8 0 . 1 0 0 4 4 . 9 1 3 6 2 1 0 0 . 0 0
0 . 1 2 0 4  0 1 - 0 8 1 - 2 0 4 1
1 8 . 9 4 6 6  8 7 . 3 2 0 . 2 6 7 6 4 . 6 8 4 0 4 1 0 . 5 3
0 . 3 2 1 2
2 2 . 9 6 0 3  1 4 7 . 8 1 0 . 1 3 3 8 3 . 8 7 3 5 0 1 7 . 8 2
0 . 1 6 0 6
2 4 . 8 8 3 7  4 9 . 0 7 0 . 2 6 7 6 3 . 5 7 8 2 9 5 . 9 2
0 . 3 2 1 2
2 5 . 6 4 9 3  5 8 . 2 6 0 . 2 0 0 7 3 . 4 7 3 2 0 7 . 0 2
0 . 2 4 0 9
2 8 . 7 2 0 3  1 5 4 . 6 5 0 . 1 3 3 8 3 . 1 0 8 4 2 1 8 . 6 5
0 . 1 6 0 6  0 1 - 0 8 1 - 2 0 4 1
2 9 . 4 0 9 1  4 4 6 . 5 2 0 . 0 6 6 9 3 . 0 3 7 1 7 5 3 . 8 4
0 . 0 8 0 3  0 0 - 0 1 3 - 0 2 7 2
3 2 . 1 5 5 1  2 4 8 . 1 2 0 . 1 3 3 8 2 . 7 8 3 7 9 2 9 . 9 2
0 . 1 6 0 6  0 0 - 0 1 3 - 0 2 7 2
3 2 . 5 7 3 4  1 8 5 . 2 1 0 . 1 3 3 8 2 . 7 4 8 9 9 2 2 . 3 3
0 . 1 6 0 6  0 0 - 0 1 3 - 0 2 7 2
3 4 . 1 0 6 3  7 6 1 . 7 3 0 . 1 3 3 8 2 . 6 2 8 8 6 9 1 . 8 4
0 . 1 6 0 6  0 1 - 0 8 1 - 2 0 4 1 ; 0 0 . .  
3 4 . 3 2 3 5  4 1 7 . 3 2 0 . 0 5 0 2 2 . 6 1 2 7 3 5 0 . 3 2
0 . 0 6 0 2  0 0 - 0 1 3 - 0 2 7 2
3 5 . 0 8 7 1  8 3 . 0 7 0 . 2 0 0 7 2 . 5 5 7 5 9 1 0 . 0 2
0 . 2 4 0 9
3 9 . 4 3 5 2  4 8 . 5 1 0 . 2 6 7 6 2 . 2 8 5 0 4 5 . 8 5
- 3 6 8 -
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0 . 3 2 1 2
41,
0 . 4 8 1 8
45,
0 . 4 8 1 8
47,
0 . 1 6 0 6
49,
0 . 4 8 1 8
50
0 . 1 0 0 4
51,
0 . 0 7 3 4
54
0 . 2 4 0 9
55
0 . 6 4 2 4
56
0 . 2 9 3 8
1486
0 0 - 0 1 3 -
7162
0 0 - 0 1 3 -  
1 217
0 1 - 0 8 1 -  
9 6 3 4
0 0 - 0 1 3 -  
8 070
0 1 - 0 8 1 -  
6 8 4 2
0 0 - 0 1 3 -  
3 8 2 3
0 1 - 0 8 1 -  
2 402
8 3 . 4 3
0272
3 9 . 3 8
0272
2 6 4 . 5 5
2 041
66.96
0 2 7 2
1 9 9 . 2 8
■2041
1 6 0 . 4 8
0272
7 5 . 3 1
•2041
3 6 . 1 1
4 3 8 2
0 0 - 0 1 3 - 0 2 7 2
4 7 . 4 7
Pattern List
v i s i b l e  R e f . C o d e S c o r e
0 . 4 0 1 5 2 . 1 9 3 7 7 1 0 . 0 6
0 . 4 0 1 5 1 . 9 8 4 6 5 4 . 7 5
0 . 1 3 3 8 1 . 9 2 8 6 8 3 1 . 9 0
0 . 4 0 1 5 1 . 8 2 5 4 4 8 . 0 7
0 . 0 8 3 6 1 . 7 9 7 1 0 2 4 . 0 3
0 . 0 6 1 2 1 . 7 6 7 1 8 1 9 . 3 5
0 . 2 0 0 7 1 . 6 8 7 1 0 9 . 0 8
0 . 5 3 5 3 1 . 6 6 2 9 1 4 . 3 5
0 . 2 4 4 8 1 . 6 2 9 0 7 5 . 7 2
Compound Name D i s p l . [ ° 2 T h ;
S c a l e  F a c .  Chem.  Fo r mul a
* 0 1 - 0 8 1 - 2 0 4 1
1 . 0 1 8  Ca ( 0  H ) 2
* 0 0 - 0 1 3 - 0 2 7 2  61
0 . 3 0 9  Ca54 Mg A12 S i l 6  090
53 C a l c i u m  H y d r o x i d e  
C a l c i u m  Magnes i um
- 0 . 0 2 3
- 0 . 0 9 0
-369
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Specimen: PC-NaCl-3M
I
Cont 1
1600 -
N3;wm-opc
üLW'
30
Poîtdoi rzneq
Peak List
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[A] Rel.Int.[%]
Tipwidth[°2Th.] Matched 
1 1 . 2 3 2 8  4 4 7 . 1 4
by
0.1171 7 . 8 7 7 3 5 1 6 . 8 2
0 . 1 4 0 5
1 5 . 8 0 6 0  2 5 5 . 6 5 0 . 1 0 0 4 5 . 6 0 6 9 6 9 . 6 2
0 . 1 2 0 4
1 8 . 0 4 6 2  2 2 1 9 . 2 1 0 . 0 8 3 6 4 . 9 1 5 6 6 8 3 . 4 8
0 . 1 0 0 4  0 1 - 0 8 7 - 0 6 7 3
1 8 . 9 1 7 8  1 6 9 . 2 7 0 . 1 6 7 3 4 . 6 9 1 1 0 6 . 3 7
0 . 2 0 0 7
2 2 . 9 8 7 3  4 0 5 . 8 1 0 . 1 6 7 3 3 . 8 6 9 0 2 1 5 . 2 6
0 . 2 0 0 7  0 1 - 0 7 3 - 0 5 9 9
2 4 . 8 1 2 1  5 9 . 3 0 0 . 4 0 1 5 3 . 5 8 8 4 5 2 . 2 3
0 . 4 8 1 8
2 5 . 6 5 0 3  9 8 . 9 9 0 . 2 6 7 6 3 . 4 7 3 0 6 3 . 7 2
0 . 3 2 1 2
2 7 . 5 2 1 7  9 4 . 0 4 0 . 2 0 0 7 3 . 2 4 1 0 1 3 . 5 4
0 . 2 4 0 9  0 1 - 0 7 3 - 0 5 9 9
2 8 . 6 7 6 7  5 6 7 . 6 8 0 . 0 5 0 2 3 . 1 1 3 0 5 2 1 . 3 5
0 . 0 6 0 2  0 1 - 0 8 7 - 0 6 7 3
2 9 . 3 9 3 0  2 1 8 8 . 1 9 0 . 1 3 3 8 3 . 0 3 8 7 9 82 . 31
0 . 1 6 0 6  0 1 - 0 7 3 - 0 5 9 9
3 1 . 0 5 3 2  3 3 8 . 9 0 0.1171 2 . 8 8 0 0 0 12 . 75
0 . 1 4 0 5
3 2 . 1 2 0 7  7 5 1 . 4 7 0 . 0 5 0 2 2 . 7 8 6 6 9 2 8 . 2 7
0 . 0 6 0 2  0 1 - 0 7 3 - 0 5 9 9
3 2 . 5 2 4 9  4 9 2 . 4 3 0 . 1 0 0 4 2 . 7 5 2 9 8 1 8 . 5 2
0 . 1 2 0 4  0 1 - 0 7 3 - 0 5 9 9
3 3 . 2 1 9 1  1 6 5 . 2 3 0 . 2 0 0 7 2 . 6 9 7 0 2 6 . 2 2
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0 . 2 4 0 9  0 1 - 0 7 3 - 0 5 9 9
3 4 . 0 8 3 6  2 6 5 8 . 4 9 0 . 1 0 0 4 2 . 6 3 0 5 6 1 0 0 . 0 0
0 . 1 2 0 4  0 1 - 0 7 3 - 0 5 9 9 ; 0 1 .  .
3 5 . 0 6 2 0  2 7 4 . 9 4 0 . 2 0 0 7 2 . 5 5 9 3 6 1 0 . 3 4
0 . 2 4 0 9
3 5 . 9 6 5 0  2 2 5 . 1 6 0 . 1 6 7 3 2 . 4 9 7 1 5 8 . 4 7
0 . 2 0 0 7
3 6 . 7 5 6 1  1 2 1 . 2 0 0 . 2 0 0 7 2 . 4 4 5 2 0 4 . 5 6
0 . 2 4 0 9
3 7 . 3 3 3 6  1 0 9 . 2 5 0 . 2 0 0 7 2 . 4 0 8 6 9 4 . 1 1
0 . 2 4 0 9
3 8 . 7 2 4 3  2 3 7 . 7 5 0 . 2 0 0 7 2 . 3 2 5 3 3 8 . 9 4
0 . 2 4 0 9  0 1 - 0 7 3 - 0 5 9 9
3 9 . 4 0 4 7  4 4 3 . 6 6 0 . 1 8 4 0 2 . 2 8 6 7 4 1 6 . 6 9
0 . 2 2 0 8  0 1 - 0 7 3 - 0 5 9 9
4 0 . 9 5 4 5  3 2 5 . 8 2 0 . 1 3 3 8 2 . 2 0 3 7 1 1 2 . 2 6
0 . 1 6 0 6
4 1 . 1 7 4 1  3 5 0 . 5 9 0 . 1 0 0 4 2 . 1 9 2 4 7 1 3 . 1 9
0 . 1 2 0 4  0 1 - 0 7 3 - 0 5 9 9
4 2 . 0 6 6 8  1 3 4 . 8 1 0 . 2 6 7 6 2 . 1 4 7 9 8 5 . 0 7
0 . 3 2 1 2
4 3 . 1 7 2 1  3 3 8 . 4 1 0 . 2 0 0 7 2 . 0 9 5 5 2 1 2 . 7 3
0 . 2 4 0 9  0 1 - 0 7 3 - 0 5 9 9
4 4 . 0 8 4 1  8 6 . 1 8 0 . 2 6 7 6 2 . 0 5 4 2 6 3 . 2 4
0 . 3 2 1 2
4 5 . 7 3 3 7  1 2 0 . 3 5 0 . 2 0 0 7 1 . 9 8 3 9 3 4 . 5 3
0 . 2 4 0 9  0 1 - 0 7 3 - 0 5 9 9
4 7 . 1 1 3 4  1 4 4 9 . 0 8 0 . 1 1 7 1 1 . 9 2 9 0 0 5 4 . 5 1
0 . 1 4 0 5  0 1 - 0 8 7 - 0 6 7 3
4 7 . 5 1 4 2  4 3 0 . 8 8 0 . 1 6 7 3 1 . 9 1 3 6 6 1 6 . 2 1
0 . 2 0 0 7
4 8 . 4 9 5 0  3 8 8 . 0 1 0 . 2 3 4 2 1 . 8 7 7 2 3 1 4 . 6 0
0 . 2 8 1 0
5 0 . 0 4 9 2  1 7 5 . 8 6 0 . 2 6 7 6 1 . 8 2 2 5 1 6 . 6 2
0 . 3 2 1 2  0 1 - 0 7 3 - 0 5 9 9
5 0 . 7 7 9 3  1 1 7 6 . 0 8 0 . 0 8 1 6 1 . 7 9 6 5 2 4 4 . 2 4
0 . 0 9 7 9  0 1 - 0 7 3 - 0 5 9 9 ; 0 1 .  .
5 0 . 9 0 7 4  6 7 0 . 7 4 0 . 0 6 1 2 1 . 7 9 6 7 6 2 5 . 2 3
0 . 0 7 3 4
5 1 . 6 8 4 4  2 2 2 . 2 7 0 . 1 8 3 6 1 . 7 6 7 1 7 8 . 3 6
0 . 2 2 0 3  0 1 - 0 7 3 - 0 5 9 9
5 3 . 1 6 7 2  6 9 . 6 7 0 . 6 5 2 8 1 . 7 2 1 3 3 2 . 6 2
0 . 7 8 3 4  0 1 - 0 7 3 - 0 5 9 9
5 4 . 3 3 7 6  5 2 9 . 9 9 0 . 0 8 1 6 1 . 6 8 6 9 8 1 9 . 9 4
0 . 0 9 7 9  0 1 - 0 7 3 - 0 5 9 9 ; 0 1 .  .
5 4 . 4 6 2 6  4 1 6 . 2 9 0 . 0 6 1 2 1 . 6 8 7 5 9 1 5 . 6 6
0 . 0 7 3 4
5 5 . 2 4 6 4  2 3 7 . 3 5 0 . 2 8 5 6 1 . 6 6 1 3 6 8 . 9 3
0 . 3 4 2 7
5 6 . 4 3 9 9  1 7 0 . 0 2 0 . 4 0 8 0 1 . 6 2 9 0 3 6 . 4 0
0 . 4 8 9 6  0 1 - 0 7 3 - 0 5 9 9
5 7 . 4 1 3 4  1 4 6 . 1 0 0 . 4 0 8 0 1 . 6 0 3 7 0 5 . 5 0
0 . 4 8 9 6  0 1 - 0 7 3 - 0 5 9 9
5 8 . 6 0 3 8  7 8 . 3 2 0 . 3 2 6 4 1 . 5 7 3 9 3 2 . 9 5
0 . 3 9 1 7
5 9 . 4 1 6 8  9 5 . 5 6 0 . 3 2 6 4 1 . 5 5 4 3 2 3 . 5 9
0 . 3 9 1 7  0 1 - 0 8 7 - 0 6 7 3
P a t t e r n  L is t
V i s i b l e  R e f . C o d e  S c o r e Compound Name D i s p l . [ ° 2 T h ;
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Scale Fac. Chem. Formula
* 0 1 - 0 7 3 - 0 5 9 9  
0 . 2 9 7  Ca3 ( S i  04  ) 0
* 0 1 - 0 8 7 - 0 6 7 3  
0 . 9 7 5  Ca ( 0  H ) 2
52 Tricalcium silicat 
40 Portlandite, syn
- 0  . 1 1 2  
- 0 . 0 3 4
Specimen: PC-NaCl-lY
Cont
9 0 0 -
iOO
1 0 0 -
MaîHyKpc
...............................1 ' '
20
Peak List
Pos.[°2Th.] Height[cts]
30
P 0*1*31
FWHM[°2Th.]
■ ’ 1 ........................ 1 ...........iO 50
d-spacing[Â] Rel
' ' ' ' 160
Int.[%]
Tipwidth[° 2Th.] Matched by
1 1 . 2 7 7 8  2 1 0 . 2 0 0 . 1 0 0 4 7 . 8 4 6 0 0 2 1 . 8 7
0 . 1 2 0 4
1 5 . 7 9 6 0  1 2 7 . 8 8 0 . 1 0 0 4 5 . 6 1 0 4 9 13 . 3 0
0 . 1 2 0 4
1 8 . 0 5 9 8  9 6 1 . 1 4 0 .1171 4 . 9 1 1 9 9 1 0 0 . 0 0
0 . 1 4 0 5  0 1 - 0 8 4 - 1 2 6 6
1 8 . 8 4 7 1  4 6 . 9 0 0 . 4 0 1 5 4 . 7 0 8 5 3 4 . 8 8
0 . 4 8 1 8
2 2 . 9 7 3 3  1 0 8 . 0 4 0 . 2 0 0 7 3 . 8 7 1 3 4 11 . 24
0 . 2 4 0 9  0 0 - 0 2 4 - 0 0 2 7
2 8 . 6 9 9 0  1 4 8 . 8 6 0 . 1 0 0 4 3 . 1 1 0 6 7 1 5 . 4 9
0 . 1 2 0 4  0 1 - 0 8 4 - 1 2 6 6
2 9 . 4 1 7 5  3 3 7 . 2 6 0 . 1 0 0 4 3 . 0 3 6 3 1 3 5 . 0 9
0 . 1 2 0 4  0 0 - 0 2 4 - 0 0 2 7
3 1 . 0 9 5 8  7 3 . 2 1 0 . 2 0 0 7 2 . 8 7 6 1 6 7 . 6 2
0 . 2 4 0 9
3 2 . 1 7 7 2  1 0 0 . 1 0 0 . 2 0 0 7 2 . 7 8 1 9 3 10.41
0 . 2 4 0 9
3 2 . 5 2 5 1  1 2 5 . 6 2 0 . 1 3 3 8 2 . 7 5 2 9 6 1 3 . 0 7
- 37 2 -
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0 . 1 6 0 6
34. . 1 0 4 1  7 0 1 . 8 8 0 . 0 8 3 6 2 . 6 2 9 0 3 7 3 . 0 3
0 . 1 0 0 4 0 1 - 0 8 4 - 1 2 6 6
35, . 0 7 6 0  4 9 . 9 5 0 . 2 0 0 7 2 . 5 5 8 3 8 5 . 2 0
0 . 2 4 0 9
39, . 4 1 7 7  6 5 . 4 1 0 . 2 0 0 7 2 . 2 8 6 0 2 6 . 8 1
0 . 2 4 0 9 0 0 - 0 2 4 - 0 0 2 7
41, . 0594 4 4 . 3 5 0 . 4 0 1 5 2 . 1 9 8 3 2 4 . 6 1
0 . 4 8 1 8
43, . 2036 4 0 . 7 7 0 . 4 0 1 5 2 . 0 9 4 0 6 4 . 2 4
0 . 4 8 1 8 0 0 - 0 2 4 - 0 0 2 7
47, , 1 3 6 3  2 2 0 . 7 5 0 . 1 3 3 8 1 . 9 2 8 1 2 2 2 . 9 7
0 . 1 6 0 6 0 1 - 0 8 4 - 1 2 6 6 ; 0 0 .  .
48, . 5624 2 4 . 5 7 0 . 4 0 1 5 1 . 8 7 4 7 8 2 . 5 6
0 . 4 8 1 8 0 0 - 0 2 4 - 0 0 2 7
50 , . 8134 1 7 8 . 2 7 0 . 0 8 3 6 1 . 7 9 6 8 9 1 8 . 5 5
0 . 1 0 0 4 0 1 - 0 8 4 - 1 2 6 6
51 , . 6897 9 9 . 4 3 0 . 0 6 1 2 1 . 7 6 7 0 0 1 0 . 3 4
0 . 0 7 3 4
54 , . 3539 8 2 . 8 8 0 . 1 3 3 8 1 . 6 8 7 9 1 8 . 6 2
0 . 1 6 0 6 0 1 - 0 8 4 - 1 2 6 6
55 , , 2 2 9 6  3 1 . 1 4 0 . 4 0 8 0 1 . 6 6 1 8 3 3 . 2 4
0 . 4 8 9 6
Pattern List
V i s i b l e  R e f . C o d e S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c .  Chem.  Fo r mul a
* 0 1 - 0 8 4 - 1 2 6 6  
0 . 9 2 0  Ca ( 0  H ) 2
* 0 0 - 0 2 4 - 0 0 2 7  
0 . 2 3 9  Ca C 03
53 C a l c i u m  H y d r o x i d e  
47 C a l c i t e
0 . 0 9 8
- 0 . 0 8 6
373
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Specimen: SIFU-NaCl-3M
9 0 0  -
t o o -
100 -
20
Peak List
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[A] Rel.Int. [%]
Tipwidth[°2Th.] Matched 
1 1 . 2 1 9 3  1 0 1 . 8 3
by
0 . 2 6 7 6 7 . 8 8 6 8 1 8.11
0 . 3 2 1 2
1 8 . 0 4 4 1  9 9 7 . 9 1 0 . 0 8 3 6 4 . 9 1 6 2 3 7 9 . 5 0
0 . 1 0 0 4  0 0 - 0 0 4 - 0 7 3 3
2 3 . 1 3 9 1  7 5 . 5 5 0 . 9 3 6 8 3 . 8 4 3 9 7 6 . 02
1.1241
2 8 . 6 9 1 4  3 2 4 . 5 6 0.1004 3.11148 2 5 . 8 6
0 . 1 2 0 4  0 0 - 0 0 4 - 0 7 3 3
2 9 . 3 9 0 1  1 0 4 9 . 6 8 0 . 0 6 6 9 3 . 0 3 9 0 8 8 3 . 6 3
0 . 0 8 0 3  0 0 - 0 1 3 - 0 2 7 2
3 1 . 0 3 4 3  2 3 0 . 1 6 0 . 1 6 7 3 2 . 8 8 1 7 2 1 8 . 3 4
0 . 2 0 0 7
3 2 . 1 1 2 2  6 1 1 . 6 3 0 . 2 3 4 2 2 . 7 8 7 4 1 48 . 73
0 . 2 8 1 0  0 0 - 0 1 3 - 0 2 7 2
3 2 . 5 3 9 8  8 4 5 . 4 2 0 . 0 6 6 9 2 . 7 5 1 7 5 6 7 . 3 6
0 . 0 8 0 3  0 0 - 0 1 3 - 0 2 7 2
3 3 . 2 5 0 5  1 6 1 . 9 3 0 . 1 6 7 3 2 . 6 9 4 5 4 1 2 . 9 0
0 . 2 0 0 7
34.1011 1255.16 0.1171 2 . 6 2 9 2 5 1 0 0 . 0 0
0 . 1 4 0 5  0 0 - 0 0 4 - 0 7 3 3 ; 0 0 . .  
3 6 . 7 0 8 5  9 8 . 0 1 0 . 2 6 7 6 2 . 4 4 8 2 6 7.81
0 . 3 2 1 2  0 0 - 0 0 4 - 0 7 3 3
3 8 . 7 4 7 0  1 2 4 . 6 6 0 . 2 6 7 6 2 . 3 2 4 0 3 9 . 9 3
0 . 3 2 1 2  0 0 - 0 1 3 - 0 2 7 2
3 9 . 3 8 9 7  2 1 2 . 7 4 0 . 1 0 0 4 2 . 2 8 7 5 7 16 . 9 5
0 . 1 2 0 4
4 1 . 2 0 3 4  4 9 6 . 7 2 0 . 0 5 0 2 2 . 1 9 0 9 8 3 9 . 5 7
0 . 0 6 0 2  0 0 - 0 1 3 - 0 2 7 2
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43,  
0 . 4 0 1 5
44,  
0 . 4 0 1 5
45,  
0 . 3 2 1 2
47,
0 . 2 8 1 0
49,  
0 . 4 8 1 8
50,  
0 . 1 4 0 5
51,  
0 . 1 2 0 4
53,  
0 . 5 5 2 1
54,  
0 . 1 6 0 6
55,  
0 . 2 4 0 9
56,  
0 . 1 2 0 4
59,
0 . 2 9 3 8
1743
1307
7092
0 0 - 0 1 3 -
1139
0 0 - 0 0 4 -
9457
0 0 - 0 1 3 -
7937
0 0 - 0 0 4 -
6854
0 0 - 0 1 3 -
1222
3343
0 0 - 0 0 4 -
2721
3503
0 0 - 0 0 4 -
4431
0 0 - 0 0 4 -
9 0 . 6 4
1 3 6 . 0 2
1 5 7 . 5 8
0272
5 7 1 . 1 1
•0733
2 9 2 . 4 5
0272
4 9 1 . 3 1
0733
2 6 0 . 3 0
•0272
5 8 . 1 2
1 8 9 . 2 7
•0733
1 1 7 . 1 5
2 1 0 . 9 2  
• 0 7 3 3 ; 0 0 .  .
7 0 . 5 4
•0733
0 . 3 3 4 6 2 . 0 9 5 4 2 7 . 2 2
0 . 3 3 4 6 2 . 0 5 2 2 0 1 0 . 8 4
0 . 2 6 7 6 1 . 9 8 4 9 4 1 2 . 5 5
0 . 2 3 4 2 1 . 9 2 8 9 8 4 5 . 5 0
0 . 4 0 1 5 1 . 8 2 6 0 5 2 3 . 3 0
0 . 1 1 7 1 1 . 7 9 7 5 3 3 9 . 1 4
0 . 1 0 0 4 1 . 7 6 8 6 0 2 0 . 7 4
0 . 4 6 8 4 1 . 7 2 4 1 1 4 . 6 3
0 . 1 3 3 8 1 . 6 8 8 4 8 1 5 . 0 8
0 . 2 0 0 7 1 . 6 6 2 0 3 9 . 3 3
0 . 1 0 0 4 1 . 6 3 2 7 6 1 6 . 8 0
0 . 2 4 4 8 1 . 5 5 3 7 0 5 . 6 2
Pattern List
V i s i b l e  R e f . C o d e S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c .  Chem.  Fo r mul a
* 0 0 - 0 0 4 - 0 7 3 3  
0 . 9 0 3  Ca ( 0  H ) 2
* 0 0 - 0 1 3 - 0 2 7 2  60
0 . 5 2 8  Ca54 Mg A12 S i l 6  090
54 P o r t l a n d i t e ,  s y n
C a l c i u m  Magne s i um .
- 0 . 0 2 9
- 0 . 1 7 3
-375-
Appendix D: XRD Results
Specimen: SIFU-NaCl-lY
:oiit
4 0 0 -
NaDMvKM
30
Peak List
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel.Int.[%]
Tipwidth[°2Th.] Matched by
11.1410 1 2 4 . 9 1 0 . 2 6 7 6 7 . 9 4 2 0 2 3 0 . 3 2
0 . 3 2 1 2
1 5 . 7 6 7 4 111 .39 0 . 1 0 0 4 5 . 6 2 0 6 0 2 7 . 0 4
0 . 1 2 0 4
1 8 . 0 5 2 4 4 1 1 . 9 7 0 . 0 8 3 6 4 . 9 1 4 0 0 1 0 0 . 0 0
0.1004 01-078- 0315
2 2 . 9 7 9 5 7 5 . 6 6 0 . 2 0 0 7 3 . 8 7 0 3 1 1 8 . 3 6
0 . 2 4 0 9
2 8 . 7 0 2 7 9 3 . 6 6 0 . 1 0 0 4 3 . 1 1 0 2 8 2 2 . 7 3
0 . 1 2 0 4  0 1 - 0 7 8 - 0315
2 9 . 4 1 7 8 2 4 4 . 6 3 0 . 1 3 3 8 3 . 0 3 6 2 8 5 9 . 3 8
0 . 1 6 0 6
3 1 . 0 1 8 7 5 4 . 3 6 0 . 2 0 0 7 2 . 8 8 3 1 3 1 3 . 1 9
0 . 2 4 0 9
3 2 . 1 6 3 8 1 3 1 . 6 2 0 . 2 0 0 7 2 . 7 8 3 0 6 3 1 . 9 5
0 . 2 4 0 9
3 2 . 5 7 3 8 125.31 0 . 1 0 0 4 2 . 7 4 8 9 5 3 0 . 4 2
0 . 1 2 0 4
3 4 . 0 9 5 7 3 0 0 . 1 0 0 . 1 3 3 8 2 . 6 2 9 6 5 7 2 . 8 4
0 . 1 6 0 6  0 1 - 0 7 8 - 0315
35.1061 4 7 . 3 8 0 . 4 6 8 4 2 . 5 5 6 2 5 11. 50
0 . 5 6 2 1
3 9 . 3 9 5 5 3 6 . 4 1 0 . 4 0 1 5 2 . 2 8 7 2 5 8 . 8 4
0 . 4 8 1 8
41.2014 71 .97 0 . 2 0 0 7 2 . 1 9 1 0 8 17.47
0 . 2 4 0 9
47.1170 1 0 0 . 2 9 0 . 2 3 4 2 1 . 9 2 8 8 6 2 4 . 3 4
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0 . 2 8 1 0  0 1 - 0 7 8 - 0 3 1 5
49 .. 9 4 2 2 44 .. 09 0 ,. 4 0 1 5 1 .. 8 2 6 1 7 10 ,. 70
4818
50 ,. 8 0 0 6 95 . 80 0 ,. 1 0 0 4 1 ,. 7 9 7 3 1 23 ,.25
1204 0 1 - 0 7 8 --0315
51,. 6 9 8 6 71.. 96 0 ,. 1 3 3 8 1 ,. 7 6 8 1 8 17 ,. 47
1606
54,. 3 8 4 9 37 . 78 0 ,. 2 0 0 7 1 ,. 6 8 7 0 2 9,.17
2 409 0 1 - 0 7 8 --0315
55 ,. 1 4 0 3 30.. 16 0 ,. 4 8 9 6 1 ,.6 6 431 7,. 32
0 . 5 8 7 5
Pattern List
Visible Ref.Code Score Compound Name Displ.[°2Th]
Scale Fac. Chem. Formula 
* 0 1 - 0 7 8 - 0 3 1 5
0 . 9 1 4  Ca ( 0  H ) 2
55 Portlandite, syn 0 . 0 2 9
Specimen: PC-NAAC-3M
Cont
1 6 0 0 -
30:o 3 0
Poiittoi rzneq
Peak List
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel.Int.[%]
Tipwidth[°2Th.] Matched by
1 1 . 6 8 9 0  3 0 1 . 4 2  0 . 0 6 6 9  7 . 5 7 0 9 3  9 . 3 7
0 . 0 8 0 3
1 5 . 7 7 2 7  2 0 2 . 9 8  0 . 1 6 7 3  5 . 6 1 8 7 2  6 . 3 1
0 . 2 0 0 7  0 0 - 0 1 3 - 0 3 5 0
1 8 . 0 4 5 6  2 4 2 4 . 9 1  0 . 1 0 0 4  4 . 9 1 5 8 2  7 5 . 3 6
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0 . 1 2 0 4 0 0 - 0 0 4 - 0 7 3 3
18 . 9 3 1 1  1 3 0 . 1 5 0 . 1 3 3 8 4 . 6 8 7 8 4 4 . 0 4
0 . 1 6 0 6 0 0 - 0 1 3 - 0 3 5 0
22 . 9 5 9 0  3 2 1 . 6 4 0 . 2 0 0 7 3 . 8 7 3 7 2 1 0 . 0 0
0 . 2 4 0 9 0 0 - 0 1 3 - 0 3 5 0 ; 0 1 .  .
23 . 4 7 7 8  1 0 9 . 9 0 0 . 2 0 0 7 3 . 7 8 9 2 8 3 . 4 2
0 . 2 4 0 9
25 . 6 4 6 2  1 1 4 . 5 2 0 . 2 0 0 7 3 . 4 7 3 6 1 3 . 5 6
0 . 2 4 0 9 0 0 - 0 1 3 - 0 3 5 0
27, . 5 1 5 7  8 8 . 8 7 0 . 2 0 0 7 3 . 2 4 1 7 0 2 . 7 6
0 . 2 4 0 9 0 0 - 0 1 3 - 0 3 5 0
28 . 6625  6 0 3 . 5 8 0 . 0 6 6 9 3 . 1 1 4 5 5 1 8 . 7 6
0 . 0 8 0 3 0 0 - 0 0 4 - 0 7 3 3
29 . 3777  1 0 7 5 . 0 6 0 . 1 0 0 4 3 . 0 4 0 3 3 3 3 . 4 1
0 . 1 2 0 4 0 1 - 0 8 3 - 0 5 7 8
32 . 1257 1 0 0 0 . 2 8 0 . 0 5 0 2 2 . 7 8 6 2 7 3 1 . 0 9
0 . 0 6 0 2
32, . 5 2 3 4  7 8 4 . 4 4 0 . 0 5 0 2 2 . 7 5 3 1 0 2 4 . 3 8
0 . 0 6 0 2 0 0 - 0 1 3 - 0 3 5 0
33, . 2324  1 8 0 . 6 2 0 . 1 1 7 1 2 . 6 9 5 9 7 5 . 6 1
0 . 1 4 0 5 0 0 - 0 1 3 - 0 3 5 0
34, . 0838 3 2 1 7 . 5 5 0 . 1 5 0 6 2 . 6 3 0 5 5 1 0 0 . 0 0
0 . 1 8 0 7 0 0 - 0 0 4 - 0 7 3 3
35, . 0607 2 0 4 . 9 0 0 . 2 0 0 7 2 . 5 5 9 4 6 6 . 3 7
0 . 2 4 0 9 0 0 - 0 1 3 - 0 3 5 0
36, . 0426 1 0 9 . 1 1 0 . 2 6 7 6 2 . 4 9 1 9 6 3 . 3 9
0 . 3 2 1 2 0 0 - 0 1 3 - 0 3 5 0 / 0 1 .  .
37, . 2673 9 0 . 3 0 0 . 2 6 7 6 2 . 4 1 2 8 3 2 . 8 1
0 . 3 2 1 2 0 0 - 0 1 3 - 0 3 5 0
39, . 4 2 8 1  2 7 3 . 2 8 0 . 1 6 7 3 2 . 2 8 5 4 4 8 . 4 9
0 . 2 0 0 7 0 1 - 0 8 3 - 0 5 7 8
40, . 9193 2 9 9 . 1 5 0 . 1 3 3 8 2 . 2 0 5 5 3 9 . 3 0
0 . 1 6 0 6 0 0 - 0 1 3 - 0 3 5 0
41, . 1825 4 0 1 . 5 5 0 . 1 3 3 8 2 . 1 9 2 0 4 1 2 . 4 8
0 . 1 6 0 6
41. . 9 9 4 9  1 1 8 . 8 0 0 . 2 0 0 7 2 . 1 5 1 5 0 3 . 6 9
0 . 2 4 0 9 0 0 - 0 1 3 - 0 3 5 0
43, , 1 7 9 3  1 4 4 . 8 3 0 . 2 6 7 6 2 . 0 9 5 1 9 4 . 5 0
0 . 3 2 1 2 0 1 - 0 8 3 - 0 5 7 8
44. . 0 7 6 2  1 0 7 . 1 1 0 . 3 3 4 6 2 . 0 5 4 6 1 3 . 3 3
0 . 4 0 1 5 0 0 - 0 1 3 - 0 3 5 0
45. , 7 3 5 5  1 3 7 . 5 4 0 . 2 0 0 7 1 . 9 8 3 8 6 4 . 2 7
0 . 2 4 0 9
47. , 1 1 3 5  1 5 8 8 . 1 6 0 . 1 1 7 1 1 . 9 2 8 9 9 4 9 . 3 6
0 . 1 4 0 5 0 0 - 0 0 4 - 0 7 3 3 ; 0 1 .  .
48. , 4887 1 3 6 . 0 0 0 . 2 0 0 7 1 . 8 7 7 4 5 4 . 2 3
0 . 2 4 0 9 0 1 - 0 8 3 - 0 5 7 8
49. ,9746 1 9 8 . 7 0 0 . 4 0 1 5 1 . 8 2 5 0 6 6 . 1 8
0 . 4 8 1 8
50 . , 7819 1 1 0 0 . 0 4 0 . 0 8 3 6 1 . 7 9 7 9 2 3 4 . 1 9
0 . 1 0 0 4 0 0 - 0 1 3 - 0 3 5 0 / 0 0 .  .
51 . 6 6 0 5  2 7 7 . 3 6 0 . 1 0 0 4 1 . 7 6 9 3 9 8 . 6 2
0 . 1 2 0 4 0 0 - 0 1 3 - 0 3 5 0
54 . 3 1 9 0  6 0 5 . 7 3 0 . 0 6 6 9 1 . 6 8 8 9 2 1 8 . 8 3
0 . 0 8 0 3 0 0 - 0 0 4 - 0 7 3 3
55 . 2 3 9 7  1 6 4 . 7 5 0 . 4 0 1 5 1 . 6 6 2 9 3 5 . 1 2
0 . 4 8 1 8 0 0 - 0 1 3 - 0 3 5 0
56 . , 3406 1 3 6 . 1 5 0 . 2 6 7 6 1 . 6 3 3 0 2 4 . 2 3
0 . 3 2 1 2 0 0 - 0 0 4 - 0 7 3 3 / 0 1 .  .
5 7 . 3 7 0 3  8 7 . 9 5 0 . 2 3 4 2 1 . 6 0 6 1 3 2 . 7 3
0 . 2 8 1 0 0 0 - 0 1 3 - 0 3 5 0 / 0 1 .  .
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5 9 . 3 6 7 0  1 4 0 . 2 1
0 . 1 9 5 8  0 0 - 0 0 4 - 0 7 3 3
0 . 1 6 3 2 1.55551 4 . 3 6
Pattern List
Visible Ref.Code Score Compound Name Displ.[°2Th]
Scale Fac. Chem. Formula
* 0 0 - 0 1 3 - 0 3 5 0  53
0 . 1 1 7  Ca6 A12 ( S 04  ) 3 . .
* 0 0 - 0 0 4 - 0 7 3 3  46
0 . 8 8 5  Ca ( 0 H ) 2
* 0 1 - 0 8 3 - 0 5 7 8  42
0 ^ m 6  Ca ( C ^  )
Ettringite 
Portlandite, syn 
Calcite
0 . 0 1 4
- 0 . 0 3 4
- 0 . 0 7 5
Specimen: PC-NAAC-IY
Coiit
ia3>lVT-opc
30
poîiitoi
Peak List
Pos.[°2Th.] Height[cts] FWHM [°2Th.] d-spacing[Â] Rel.Int. [%]
Tipwidth[°2Th.] Matched 
1 8 . 0 5 9 7  7 4 . 0 6
by
0 . 1 0 2 0 4 . 9 0 7 9 6 1 0 0 . 0 0
0 . 1 2 2 4  0 0 - 0 0 1 - 1 0 7 9 ; 0 0 . .  
2 2 . 9 4 0 7  5 . 0 6 0 . 4 0 8 0 3 . 8 7 3 5 5 6 . 8 4
0 . 4 8 9 6  0 0 - 0 0 1 - 0 8 3 7
2 8 . 6 8 4 0  1 4 . 8 7 0 . 1 2 2 4 3 . 1 0 9 6 9 2 0 . 0 8
0 . 1 4 6 9  0 0 - 0 0 1 - 1 0 7 9 ; 0 0 . .  
2 9 . 4 0 3 4  1 3 . 4 2 0 . 1 0 2 0 3 . 0 3 5 2 2 1 8 . 1 2
0 . 1 2 2 4  0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .  
3 2 . 1 2 1 3  9 . 7 5 0 . 2 4 4 8 2 . 7 8 4 3 3 1 3 . 1 7
0 . 2 9 3 8
3 4 . 1 0 7 5  4 4 . 1 2 0 . 1 4 2 8 2 . 6 2 6 6 0 5 9 . 5 7
0 . 1 7 1 4  0 0 - 0 0 1 - 1 0 7 9 ; 0 0 . .
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47 . 1 0 0 6  2 4 . 4 9 0 . 1 2 2 4 1 . 9 2 7 9 0 3 3 . 0 6
0 . 1 4 6 9 0 0 - 0 0 1 - 1 0 7 9 ; 0 0 . .
50 . 8 0 8 7  2 0 . 3 9 0 . 0 8 1 6 1 . 7 9 5 5 5 2 7 . 5 3
0 . 0 9 7 9 0 0 - 0 0 1 - 1 0 7 9 ; 0 0 . .
54 . 3 2 8 5  6 . 3 0 0 . 3 2 6 4 1 . 6 8 7 2 4 8 . 5 1
0 . 3 9 1 7 0 0 - 0 0 1 - 1 0 7 9 ; 0 0 .  .
Pattern List
V i s i b l e  R e f . C o d e  S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  :Fa c .  Chem.  Fo r mul a
* 0 0 - 0 0 1 - 1 0 7 9 37 P o r t l a n d i t e 0 . 0 1 7
0 . 5 6 3 Ca ( 0 H ) 2
* 0 0 - 0 0 2 - 0 9 6 7 33 P o r t l a n d i t e 0 . 0 6 9
0 . 3 1 4 Ca 0  ! H2 0
0 0 - 0 0 2 - 0 9 6 8 27 P o r t l a n d i t e - 0 . 1 3 3
0 . 2 9 4 Ca 0  ! H2 0
0 0 - 0 0 2 - 0 9 6 9 29 P o r t l a n d i t e - 0 . 0 9 0
0 . 4 6 4 Ca 0  ! H2 0
0 0 - 0 0 4 - 0 7 3 3 59 P o r t l a n d i t e , s y n 0 . 0 1 2
0 . 6 2 1 Ca ( 0  H ) 2
0 0 - 0 4 4 - 1 4 8 1 63 P o r t l a n d i t e , s y n 0 . 0 0 0
0 . 6 1 6 Ca ( 0 H ) 2
0 1 - 0 7 2 - 0 1 5 6 62 P o r t l a n d i t e , s y n - 0 . 0 7 8
0 . 6 3 2 Ca ( 0  H ) 2
0 1 - 0 7 6 - 0 5 7 1 65 P o r t l a n d i t e , s y n - 0 . 0 0 3
0 . 8 1 1 Ca ( 0  H ) 2
0 1 - 0 7 8 - 0 3 1 5 65 P o r t l a n d i t e , s y n - 0 . 0 0 3
0 . 8 1 1 Ca ( 0  H ) 2
0 1 - 0 8 7 - 0 6 7 3 69 P o r t l a n d i t e , s y n - 0 . 0 0 8
0 . 7 8 0 Ca ( 0  H ) 2
0 0 - 0 0 1 - 0 8 3 7 4 C a l c i t e - 0 . 0 0 6
0 . 0 7 4 Ca C 03
0 0 - 0 0 2 - 0 6 2 3  Unmat ch C a l c i t e - 0 . 1 0 7
0 . 0 8 4 Ca C 03
0 0 - 0 0 2 - 0 6 2 9  Unmat ch C a l c i t e - 0 . 1 7 1
0 . 1 8 7 Ca C 03
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Specimen: SIFU-NAAC-3M
'out
1600'
9 0 0 -
1 00 -
100 -
m
" ................... 1 . . . .
20 30
' .1... .  ^ '-' T-r-.-.
40 60
Poiittji (-znet;
Peak List
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel Int.[%]
Tipwidth[°2Th.] Matched by
1 5 . 7 8 7 3  2 4 6 . 8 0 0 . 0 6 6 9 5 . 6 1 3 5 5 21.01
0 . 0 8 0 3
1 8 . 0 4 4 3  7 8 2 . 5 1 0 . 1 0 0 4 4 . 9 1 6 1 8 6 6 . 6 2
0 . 1 2 0 4  0 1 - 0 8 4 - 1 2 6 3
1 8 . 9 2 4 1  1 9 3 . 7 1 0 . 1 0 0 4 4 . 6 8 9 5 7 1 6 . 4 9
0 . 1 2 0 4
2 2 . 9 4 4 1  3 5 4 . 2 0 0.1171 3 . 8 7 6 2 0 3 0 . 1 6
0 . 1 4 0 5
2 5 . 6 2 5 8  1 2 5 . 2 1 0 . 2 0 0 7 3 . 4 7 6 3 2 1 0 . 6 6
0 . 2 4 0 9
2 7 . 5 6 9 3  6 5 . 6 2 0 . 4 0 1 5 3 . 2 3 5 5 1 5 . 5 9
0 . 4 8 1 8
2 8 . 6 8 5 1  2 2 4 . 8 1 0 . 1 0 0 4 3 . 1 1 2 1 5 19 .14
0 . 1 2 0 4  0 1 - 0 8 4 - 1 2 6 3
2 9 . 3 6 6 4  1 1 1 0 . 5 5 0 . 0 8 3 6 3 . 0 4 1 4 8 9 4 . 5 5
0 . 1 0 0 4  0 0 - 0 1 3 - 0 2 7 2 ; 0 0 . .
3 0 . 0 1 2 0  2 9 0 . 5 6 0 . 1 0 0 4 2 . 9 7 7 5 1 2 4 . 7 4
0 . 1 2 0 4  0 0 - 0 1 3 - 0 2 7 2
3 1 . 0 3 9 2  1 5 5 . 1 3 0 . 1 3 3 8 2 . 8 8 1 2 8 1 3 . 2 1
0 . 1 6 0 6  0 0 - 0 4 7 - 1 6 2 5
3 2 . 1 2 6 8  1 1 7 4 . 5 2 0.0669 2 . 7 8 6 1 8 1 0 0 . 0 0
0 . 0 8 0 3  0 0 - 0 1 3 - 0 2 7 2
3 2 . 5 3 5 5  8 9 4 . 0 2 0 . 0 5 0 2 2 . 7 5 2 1 1 7 6 . 1 2
0 . 0 6 0 2  0 0 - 0 1 3 - 0 2 7 2
3 3 . 2 3 5 3  1 6 4 . 6 4 0 . 1 6 7 3 2 . 6 9 5 7 4 1 4 . 0 2
0 . 2 0 0 7  0 0 - 0 4 7 - 1 6 2 5
3 4 . 1 0 2 8  9 9 0 . 4 4 0 . 1 3 3 8 2 . 6 2 9 1 2 8 4 . 3 3
0 . 1 6 0 6  0 0 - 0 1 3 - 0 2 7 2 ; 0 1 . .
- 3 8 1 -
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34 .  
0 . 0 6 0 2
35 .  
0 . 2 8 1 0
37.  
0 . 2 4 0 9
38.  
0 . 2 4 0 9
39.  
0 . 1 2 0 4
41.
0 . 0 8 0 3
41,
0 . 2 8 1 0
43,  
0 . 3 2 1 2
44,  
0 . 2 4 0 9
45,  
0 . 2 4 0 9
47,
0 . 2 0 0 7
49,  
0 . 5 6 2 1
50,  
0 . 0 8 0 3
51,  
0 . 1 4 0 5
54,  
0 . 2 4 0 9
55,  
0 . 4 0 1 5
56
0 . 1 2 0 4
58
0 . 2 4 0 9
59
0 . 3 9 1 7
2972
0 0 - 0 1 3 -
0856
0 0 - 0 4 7 -
3128
6792
0 0 - 0 1 3 -
4 307
0 0 - 0 4 7 -
1 990
0 0 - 0 1 3 -
9928
2224
0 794
7466
0 0 - 0 1 3 -  
1355
01-084-  
9559
0 0 - 0 1 3 -  
7808
0 1 - 0 8 4 -  
6837
0 0 - 0 1 3 -  
3466
0 1 - 0 8 4 -  
2232
3 681
00-013-
6180
7 2 2 . 1 8  
0 2 7 2 ; 0 0 . .
1 8 6 . 5 2
1625
1 0 4 . 4 0
9 4 . 4 9
0272
2 0 8 . 1 8  
1 625
5 4 7 . 6 3
0 272
1 0 5 . 0 0
1 3 3 . 2 7
1 2 9 . 8 5
1 8 2 . 0 8  
■ 0 272; 00 .  .
4 8 2 . 2 6
1263
2 8 4 . 1 2
0272
4 0 9 . 9 8
1263
6 2 5 . 1 6
0272
1 4 3 . 7 3
1263
1 6 4 . 7 9
2 3 5 . 2 2
0272
1 0 5 . 2 2
4013
0 1 - 0 8 4 - 1 2 6 3
7 8 . 0 8
0 . 0 5 0 2 2 . 6 1 4 6 7 6 1 . 4 9
0 . 2 3 4 2 2 . 5 5 7 7 0 1 5 . 8 8
0 . 2 0 0 7 2 . 4 0 9 9 9 8 . 8 9
0 . 2 0 0 7 2 . 3 2 7 9 4 8 . 0 4
0 . 1 0 0 4 2 . 2 8 5 2 9 1 7 . 7 3
0 . 0 6 6 9 2 . 1 9 1 2 0 4 6 . 6 3
0 . 2 3 4 2 2 . 1 5 1 6 0 8 . 9 4
0 . 2 6 7 6 2 . 0 9 3 1 9 1 1 . 3 5
0 . 2 0 0 7 2 . 0 5 4 4 7 1 1 . 0 6
0 . 2 0 0 7 1 . 9 8 3 4 0 1 5 . 5 0
0 . 1 6 7 3 1 . 9 2 8 1 5 4 1 . 0 6
0 . 4 6 8 4 1 . 8 2 5 7 0 2 4 . 1 9
0 . 0 6 6 9 1 . 7 9 7 9 6 3 4 . 9 1
0 . 1 1 7 1 1 . 7 6 8 6 6 5 3 . 2 3
0 . 2 0 0 7 1 . 6 8 8 1 2 1 2 . 2 4
0 . 3 3 4 6 1 . 6 6 3 3 8 1 4 . 0 3
0 . 1 0 0 4 1 . 6 3 2 2 8 2 0 . 0 3
0 . 2 0 0 7 1 . 5 7 4 8 9 8 . 9 6
0 . 3 2 6 4 1 . 5 5 4 6 9 6 . 6 5
Pattern List
V i s i b l e  R e f . C o d e S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c .  Chem.  Fo r mul a
* 0 0 - 0 1 3 - 0 2 7 2  63
0 . 9 0 2  Ca54 Mg A12 S i l 6  090
* 0 1 - 0 8 4 - 1 2 6 3  
0 . 8 3 8  Ca ( 0  H ) 2
* 0 0 - 0 4 7 - 1 6 2 5  
0 . 1 6 1  P
C a l c i u m  Magne s i um  
44 C a l c i u m  H y d r o x i d e  
22 P h o s p h o r u s
- 0 . 0 8 4
- 0 . 0 3 0
0 . 0 3 3
382-
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Specimen: SIFU-NAAC-3M
Coilt
3 6 -
iaa> lv T -tm
Poîittji prruq
P e a k  L is t
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel.Int.[%]
Tipwidth[°2Th.] Matched by
1 8 . 0 6 3 1  3 3 . 7 0 0 . 1 2 2 4 4 . 9 0 7 0 4 1 0 0 . 0 0
0 . 1 4 6 9  0 0 - 0 0 1 - 1 0 7 9 ; 0 0 . .
2 2 . 9 5 2 7  4 . 0 7 0 . 9 7 9 2 3 . 8 7 1 5 6 1 2 . 0 9
1.1750 0 0 - 0 0 1 - 0 7 7 0 ; 0 0 . .
2 9 . 3 8 4 2  9 . 0 9 0 . 4 0 8 0 3 . 0 3 7 1 6 2 6 . 9 7
0 . 4 8 9 6  0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .
3 2 . 1 6 7 6  1 0 . 0 5 0 . 2 4 4 8 2 . 7 8 0 4 3 2 9 . 8 2
0 . 2 9 3 8  0 0 - 0 0 1 - 0 2 2 9
3 4 . 0 9 8 9  2 6 . 5 3 0 . 1 2 2 4 2 . 6 2 7 2 4 7 8 . 7 3
0.1469 00-001-1079;00..
4 1 . 0 3 3 2  2 . 7 4 0 . 9 7 9 2 2 . 1 9 7 8 5 8 . 1 2
1.1750
4 7 . 1 1 5 2  9 . 9 4 0 . 2 4 4 8 1 . 9 2 7 3 3 2 9 . 4 8
0 . 2 9 3 8  0 0 - 0 0 1 - 1 0 7 9 ; 0 0 . .
5 0 . 7 9 7 8  1 2 . 6 7 0 . 1 2 2 4 1 . 7 9 5 9 1 3 7 . 6 1
0 . 1 4 6 9  0 0 - 0 0 1 - 1 0 7 9 ; 0 0 . .
P a t t e r n  Li s t
Visible Ref.Code Score Compound Name Displ.[°2Th]
Scale Fac. Chem. Formula
* 00-001-1079 24 Portlandite 0 . 0 8 3
0 . 6 4 4  Ca ( 0  H ) 2
* 0 0 - 0 0 2 - 0 9 6 7 11 Portlandite 0 . 1 5 1
0 . 2 4 0  Ca 0  ! H2 0
0 0 - 0 0 2 - 0 9 6 8 9 Portlandite 0 . 0 0 6
0 . 3 3 2  C a  0  ! H2 0
00-002-0969 Unmatch Portlandite 0 . 0 0 3
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0 . 0 8 9 C a O  ! H2 0
0 0 - 0 0 4 - 0 7 3 3 16 Portlandite, syn 0 . 0 8 8
0 . 2 0 3 Ca ( 0  H ) 2
0 0 - 0 4 4 - 1 4 8 1 15 Portlandite, syn 0 . 0 9 5
0 . 3 7 8 Ca ( 0  H ) 2
0 1 - 0 7 2 - 0 1 5 6 25 Portlandite, syn - 0 . 0 1 0
0 . 5 6 2 Ca ( 0  H ) 2
0 1 - 0 7 6 - 0 5 7 1 23 Portlandite, syn 0 . 0 6 5
0 . 3 3 7 Ca ( 0  H )2
0 1 - 0 7 8 - 0 3 1 5 23 Portlandite, syn 0 . 0 6 5
0 . 3 3 7 Ca ( 0  H )2
0 1 - 0 8 7 - 0 6 7 3 25 Portlandite, syn 0 . 0 6 2
0 . 5 8 8 Ca ( 0  H ) 2
0 0 - 0 0 1 - 0 2 2 9 No Mate Nitrocalcite, syn 0 . 1 6 0
0 . 0 0 0 Ca ( N 03 ) 2  !,4 H2 0
0 0 - 0 0 1 - 0 8 3 7 5 Calcite - 0 . 0 0 5
0 . 0 5 5 Ca C 03
0 0 - 0 0 2 - 0 6 2 3 Unmatch Calcite - 0 . 1 0 0
0 . 1 2 7 Ca C 03
0 0 - 0 0 2 - 0 6 2 9 Unmatch Calcite - 0 . 1 3 3
0 . 2 5 8 Ca C 03
Specimen PC-CMA-3M
Coiit
1 6 0 0 -
30 (020 50
P e a k  Lis t
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel.Int.[%]
Tipwidth[°2Th■] Matched by
1 1 . 6 7 0 3  2 0 1 . 3 6  0 . 1 0 0 4  7 . 5 8 3 0 0  6 . 7 9
0 . 1 2 0 4
1 5 . 8 1 4 4  1 7 3 . 9 9  0 . 1 3 3 8  5 . 6 0 3 9 9  5 . 8 7
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0 . 1 6 0 6
1 8 . 0 5 7 8  2 2 5 5 . 1 4 0 . 0 8 3 6 4 . 9 1 2 5 3 7 6 . 0 7
0 . 1 0 0 4  0 1 - 0 7 2 - 0 1 5 6
1 8 . 9 5 1 6  1 2 9 . 8 7 0 . 1 3 3 8 4 . 6 8 2 8 1 4 . 3 8
0 . 1 6 0 6
2 2 . 9 7 4 1  2 9 8 . 6 0 0 . 1 6 7 3 3 . 8 7 1 2 1 1 0 . 0 7
0 . 2 0 0 7  0 0 - 0 4 2 - 0 5 5 1 ; 0 1 .  .
2 3 . 5 0 1 5  1 2 2 . 2 2 0 . 2 0 0 7 3 . 7 8 5 5 1 4 . 1 2
0 . 2 4 0 9
2 5 . 6 6 3 7  8 5 . 5 6 0 . 2 3 4 2 3 . 4 7 1 2 7 2 . 8 9
0 . 2 8 1 0
2 6 . 6 8 6 0  8 9 . 4 4 0 . 2 0 0 7 3 . 3 4 0 5 7 3 . 0 2
0 . 2 4 0 9
2 7 . 5 5 7 0  1 0 2 . 4 0 0 . 2 6 7 6 3 . 2 3 6 9 4 3 . 4 5
0 . 3 2 1 2
2 8 . 6 9 3 1  5 4 1 . 2 0 0 . 0 8 3 6 3 . 1 1 1 3 0 1 8 . 2 6
0 . 1 0 0 4  0 1 - 0 7 2 - 0 1 5 6
2 9 . 3 8 9 1  1 2 2 2 . 2 1 0 . 1 0 0 4 3 . 0 3 9 1 8 4 1 . 2 3
0 . 1 2 0 4  0 0 - 0 4 2 - 0 5 5 1 ; 0 1 .  .
3 1 . 0 5 2 4  1 1 6 . 6 8 0 . 1 6 7 3 2 . 8 8 0 0 8 3 . 9 4
0 . 2 0 0 7
3 2 . 1 5 1 2  7 7 6 . 6 8 0 . 0 8 3 6 2 . 7 8 4 1 2 2 6 . 2 0
0 . 1 0 0 4  0 0 - 0 4 2 - 0 5 5 1
3 2 . 5 4 5 0  8 8 5 . 4 5 0 . 0 6 6 9 2 . 7 5 1 3 3 2 9 . 8 7
0 . 0 8 0 3  0 0 - 0 4 2 - 0 5 5 1
3 4 . 0 9 9 8  2 9 6 4 . 4 2 0 . 1 1 7 1 2 . 6 2 9 3 5 1 0 0 . 0 0
0 . 1 4 0 5  0 1 - 0 7 2 - 0 1 5 6
3 5 . 0 9 0 9  1 9 4 . 4 8 0 . 2 0 0 7 2 . 5 5 7 3 3 6 . 5 6
0 . 2 4 0 9
3 6 . 0 0 5 3  1 3 8 . 8 3 0 . 2 0 0 7 2 . 4 9 4 4 5 4 . 6 8
0 . 2 4 0 9  0 1 - 0 8 3 - 0 5 7 8
3 7 . 3 0 5 9  1 1 7 . 8 6 0 . 2 0 0 7 2 . 4 1 0 4 2 3 . 9 8
0 . 2 4 0 9
3 9 . 4 1 6 0  2 6 1 . 2 9 0 . 1 6 7 3 2 . 2 8 6 1 1 8 . 8 1
0 . 2 0 0 7  0 1 - 0 8 3 - 0 5 7 8
4 1 . 2 0 9 8  5 2 2 . 9 6 0 . 1 0 0 4 2 . 1 9 0 6 5 1 7 . 6 4
0 . 1 2 0 4  0 0 - 0 4 2 - 0 5 5 1
4 3 . 1 8 2 5  1 7 6 . 1 9 0 . 2 6 7 6 2 . 0 9 5 0 4 5 . 9 4
0 . 3 2 1 2  0 1 - 0 8 3 - 0 5 7 8
4 4 . 0 7 9 7  1 5 3 . 2 9 0 . 2 6 7 6 2 . 0 5 4 4 6 5 . 1 7
0 . 3 2 1 2
4 5 . 7 4 5 5  2 2 6 . 6 6 0 . 1 3 3 8 1 . 9 8 3 4 5 7 . 6 5
0 . 1 6 0 6  0 0 - 0 4 2 - 0 5 5 1
4 7 . 1 3 2 4  1 2 3 8 . 7 1 0 . 1 3 3 8 1 . 9 2 8 2 7 4 1 . 7 9
0 . 1 6 0 6  0 1 - 0 7 2 - 0 1 5 6 ; 0 1 . .
4 8 . 4 8 0 2  1 2 0 . 4 7 0 . 2 0 0 7 1 . 8 7 7 7 6 4 . 0 6
0 . 2 4 0 9  0 1 - 0 8 3 - 0 5 7 8
4 9 . 9 6 9 6  1 7 5 . 6 0 0 . 3 3 4 6 1 . 8 2 5 2 3 5 . 9 2
0 . 4 0 1 5  0 0 - 0 4 2 - 0 5 5 1
5 0 . 7 8 7 4  8 3 7 . 7 7 0 . 0 8 3 6 1 . 7 9 7 7 4 2 8 . 2 6
0 . 1 0 0 4  0 1 - 0 7 2 - 0 1 5 6
5 1 . 6 7 5 5  4 0 5 . 5 3 0 . 0 8 3 6 1 . 7 6 8 9 2 1 3 . 6 8
0 . 1 0 0 4  0 0 - 0 4 2 - 0 5 5 1
5 4 . 3 3 4 2  5 2 6 . 3 7 0 . 0 6 6 9 1 . 6 8 8 4 8 1 7 . 7 6
0 . 0 8 0 3  0 1 - 0 7 2 - 0 1 5 6
5 5 . 2 5 7 4  1 2 8 . 7 6 0 . 4 6 8 4 1 . 6 6 2 4 3 4 . 3 4
0 . 5 6 2 1
5 6 . 3 6 8 8  2 6 4 . 8 3 0 . 1 0 0 4 1 . 6 3 2 2 7 8 . 9 3
0 . 1 2 0 4  0 0 - 0 4 2 - 0 5 5 1 ; 0 1 . .
5 9 . 3 9 6 0  1 3 3 . 7 5 0 . 2 0 4 0 1 . 5 5 4 8 1 4 . 5 1
0 . 2 4 4 8  0 1 - 0 7 2 - 0 1 5 6
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Pattern List
Visible Ref.Code Score Compound Name Displ.[°2Th]
Scale Fac. Chem. Formula
* 00-042-0551 
0 . 3 1 6  Ca3 S i  05
* 0 1 - 0 7 2 - 0 1 5 6  
0 . 8 3 6  Ca ( 0  H ) 2
* 0 1 - 0 8 3 - 0 5 7 8  
0 . 3 2 1  Ca ( C 03 )
52 Calcium Silicate
41 Portlandite, syn
42 Calcite
- 0 . 1 2 2
- 0 . 0 9 3
- 0 . 0 7 7
Specimen: PC-CMA-IY
' ' ! 1 ! i! I!'out
9 0 0 -
100 -
!
cma-tyr-opclat
Ui,\usujm
100-
PoîlOoi fCTUtf
P e a k  Lis t
P o s . [ ° 2Th. ] Height[cts] FWHM [°2Th. ] d - s p a c i n g [A] Rel.Int.[%]
Tipwidth[°2Th.] Matched by
11 . 5 1 9 7 53 .93 0 . 8 0 2 9 7 ,. 6 8 1 8 0 4 ,. 95
0 . 9 6 3 5
15 . 7 9 8 4 1 8 6 . 98 0 . 1 0 0 4 5 ,. 6 0 9 6 5 17 ., 16
0 . 1 2 0 4
18 . 0 5 7 4 1 0 8 9 . 77 0 . 0 8 3 6 4 .. 9 1 2 6 4 100, . 00
- 386-
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0 . 1 0 0 4  Oi ­ 0 8 4 - 1 2 6 6
l s . 9113 9 9 . 4 1 0 . 2 0 0 7 4 . 6 9 2 7 0 9 . 1 2
0 . 2 4 0 9
2 2 . 9 5 7 8 1 5 3 . 0 9 0 . 1 3 3 8 3 . 8 7 3 9 2 1 4 . 0 5
0 . 1 6 0 6
2 5 . 6 0 4 7 5 7 . 6 1 0 . 2 6 7 6 3 . 4 7 9 1 4 5 . 2 9
0 . 3 2 1 2
2 8 . 7 0 7 7 1 9 4 . 7 4 0 . 1 3 3 8 3 . 1 0 9 7 5 1 7 . 8 7
0 . 1 6 0 6  0 1 - 0 8 4 - 1 2 6 6
2 9 . 4 1 3 6 2 5 3 . 2 0 0 . 1 0 0 4 3 . 0 3 6 7 1 2 3 . 2 3
0 . 1 2 0 4
3 2 . 1 6 6 4 1 4 4 . 6 6 0 . 2 6 7 6 2 . 7 8 2 8 3 1 3 . 2 7
0 . 3 2 1 2
3 3 . 2 5 5 0 7 5 . 2 6 0 . 1 0 0 4 2 . 6 9 4 1 9 6 . 9 1
0 . 1 2 0 4
3 4 . 0 9 9 2 9 9 6 . 8 9 0 . 1 0 0 4 2 . 6 2 9 4 0 9 1 . 4 8
0 . 1 2 0 4  0 1 - 0 8 4 - 1 2 6 6
3 5 . 0 5 3 0 9 5 . 7 5 0 . 2 0 0 7 2 . 5 6 0 0 0 8 . 7 9
0 . 2 4 0 9
3 9 . 4 9 0 7 4 8 . 0 0 0 . 4 0 1 5 2 . 2 8 1 9 5 4 . 4 0
0 . 4 8 1 8
4 1 . 2 1 8 5 1 1 8 . 6 4 0 . 2 0 0 7 2 . 1 9 0 2 1 1 0 . 8 9
0 . 2 4 0 9
4 5 . 8 1 1 2 3 8 . 4 4 0 . 4 0 1 5 1 . 9 8 0 7 5 3 . 5 3
0 . 4 8 1 8
4 7 . 1 2 4 2 3 3 9 . 3 2 0 . 2 3 4 2 1 . 9 2 8 5 8 3 1 . 1 4
0 . 2 8 1 0  0 1 - 0 8 4 - 1 2 6 6
5 0 . 7 9 2 7 2 6 2 . 4 9 0 . 1 0 0 4 1 . 7 9 7 5 7 2 4 . 0 9
0 . 1 2 0 4  0 1 - 0 8 4 - 1 2 6 6
5 4 . 3 3 4 7 1 1 7 . 2 7 0 . 1 0 0 4 1 . 6 8 8 4 6 1 0 . 7 6
0 . 1 2 0 4  0 1 - 0 8 4 - 1 2 6 6
5 5 . 2 1 5 4 4 4 . 3 0 0 . 4 0 1 5 1 . 6 6 3 6 0 4 . 0 6
0 . 4 8 1 8
5 6 . 3 8 5 2 5 2 . 1 2 0 . 2 4 4 8 1 . 6 3 0 4 8 4 . 7 8
0 . 2 9 3 8
Pattern List
v i s i b l e  R e f . C o d e  S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c . Chem.  Fo r mul a
* 01-- 0 8 4 - 1 2 6 6  58 C a l c i u m H y d r o x i d e 0 . 0 9 6
1 . 0 3 5  Ca ( 0  H ) 2
387-
Appendix D: XRD Results
Specimen: SIFU-CMA-IY
iO O -
a - ty r - tn
fojitioi ["zrwq
P e a k  L is t
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel.Int.[■ 
Tipwidth[°2Th.] Matched by
15 ,. 7 9 6 1  8 5 . 1 2 0 . 2 0 0 7 5 . 6 1 0 4 5 3 4 . 2 5
0 . 2 4 0 9
18, . 0 8 0 8  2 3 2 . 0 9 0 . 0 8 3 6 4 . 9 0 6 3 3 9 3 . 3 9
0 . 1 0 0 4 0 1 - 0 7 6 - 0 5 7 1
18.. 9 5 2 6  5 6 . 8 7 0 . 2 6 7 6 4 . 6 8 2 5 7 2 2 . 8 8
0 . 3 2 1 2 0 1 - 0 8 2 - 1 2 1 2 ; 0 1 . .
22, . 9 7 7 3  9 4 . 6 9 0 . 2 3 4 2 3 . 8 7 0 6 7 3 8 . 1 0
0 . 2 8 1 0 0 1 - 0 8 6 - 2 3 4 0
28 ,. 7 4 5 2  6 6 . 4 8 0 . 2 0 0 7 3 . 1 0 5 7 8 2 6 . 7 5
0 . 2 4 0 9 01-076-0571
29, . 4 1 6 3  2 1 3 . 5 3 0 . 1 0 0 4 3 . 0 3 6 4 4 8 5 . 9 2
0 . 1 2 0 4 0 1 - 0 8 6 - 2 3 4 0
32, . 1731  2 4 8 . 5 2 0 . 0 6 6 9 2 . 7 8 2 2 7 1 0 0 . 0 0
0 . 0 8 0 3 0 0 - 0 0 3 - 0 1 0 0
32, . 5 8 0 9  1 2 9 . 0 3 0 . 1 6 7 3 2 . 7 4 8 3 7 5 1 . 9 2
0 . 2 0 0 7 00-003-0100;01 . .
34, . 1049  2 4 1 . 4 7 0 . 0 8 3 6 2 . 6 2 8 9 6 9 7 . 1 6
0 . 1 0 0 4 01-076-0571;01 . .
39. , 5 2 3 5  3 2 . 4 1 0 . 4 6 8 4 2 . 2 8 0 1 4 1 3 . 0 4
0 . 5 6 2 1 0 1 - 0 8 6 - 2 3 4 0 ; 0 1 . .
41 ., 0 2 8 5  6 6 . 9 7 0 . 4 6 8 4 2 . 1 9 9 9 1 2 6 . 9 5
0 . 5 6 2 1 0 1 - 0 8 2 - 1 2 1 5
47., 1 3 4 5  8 3 . 0 7 0 . 2 6 7 6 1 . 9 2 8 1 9 3 3 . 4 3
0 . 3 2 1 2 0 1 - 0 7 6 - 0 5 7 1 ; 0 1 . .
49 ., 9 8 2 5  4 9 . 3 8 0 . 4 0 1 5 1 . 8 2 4 7 9 1 9 . 8 7
0 . 4 8 1 8
50., 8588  5 7 . 9 1 0 . 3 3 4 6 1 . 7 9 5 3 9 2 3 . 3 0
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0 . 4 0 1 5  0 1 - 0 7 6 - 0 5 7 1 ; 0 0 .  .
5 1 . 7 5 5 1  3 5 . 3 2
0 . 2 4 0 9  0 1 - 0 8 2 - 1 2 1 3
5 5 . 1 5 5 3  2 3 . 4 1
0 . 5 8 7 5
0 . 2 0 0 7
0 . 4 8 9 6
1 . 7 6 6 3 9
1 . 6 6 3 8 9
1 4 . 2 1
9 . 4 2
P a t t e r n  L is t
v i s i b l e  R e f . C o d e  S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e F a c .  Chem.  Fo r mu l a
* 0 1 - 0 7 6 - 0 5 7 1 54 P o r t l a n d i t e ,  s y n 0 . 0 2 6
0 . 8 2 2 Ca ( 0  H ) 2
0 1 - 0 8 6 - 2 3 4 0 41 C a l c i t e 0 . 0 7 9
0 . 7 2 8 Ca ( C 03 )
0 0 - 0 0 1 - 1 1 6 9 7 B r u c i t e 0 . 0 9 1
0 . 2 4 6 Mg ( 0  H ) 2
0 0 - 0 0 2 - 1 0 9 2 4 B r u c i t e 0 . 0 8 2
0 . 0 3 3 Mg 0  ! H2 0
0 0 - 0 0 7 - 0 2 3 9 13 B r u c i t e , s y n 0 . 1 8 6
0 . 0 7 5 Mg ( 0  H ) 2
0 0 - 0 4 4 - 1 4 8 2 7 B r u c i t e , s y n 0 . 2 3 4
0 . 0 4 2 Mg ( 0  H ) 2
0 1 - 0 7 4 - 2 2 2 0 9 B r u c i t e 0 . 2 2 3
0 . 0 6 7 Mg ( 0  H ) 2
0 1 - 0 7 6 - 0 6 6 7 3 B r u c i t e 0 . 1 7 9
0 . 0 4 6 Mg ( 0  H ) 2
0 1 - 0 8 2 - 2 4 5 3 12 B r u c i t e , s y n 0 . 2 2 0
0 . 0 6 8 Mg ( 0  H ) 2
0 1 - 0 8 2 - 2 4 5 4 11 B r u c i t e , s y n 0 . 0 0 0
0 . 0 9 0 Mg ( 0  H ) 2
0 1 - 0 8 2 - 2 4 5 5 6 B r u c i t e , s y n - 0 . 1 6 0
0 . 1 0 5 Mg ( 0  H ) 2
0 1 - 0 8 3 - 0 1 1 4 9 B r u c i t e 0 . 2 3 2
0 . 0 7 4 Mg ( 0  H ) 2
0 1 - 0 8 4 - 2 1 6 3 0 B r u c i t e , s y n 0 . 2 5 9
0 . 0 0 5 Mg ( 0  H ) 2
-389
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Specimen: PC-WATER-SURF-3M
Cont
1 ( 8 0 0 -
20 30 iO 50
p Of 15)1 [zrnti
P e a k  Li s t
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel.Int.[%; 
Tipwidth[°2Th.] Matched by
23
0 . 1 2 0 4
24
0 . 4 8 1 8
26
0 . 3 2 1 2
26
0 . 1 2 0 4
27
0 . 3 2 1 2
29
0 . 1 2 0 4
31 
0 . 0 6 0 2
32
0 . 2 0 0 7
33
0 . 3 2 1 2  
35, 
0 . 1 2 0 4  
39,  
0 . 1 4 6 9  
39 , 
0 . 0 7 3 4  
41 , 
0 . 5 8 7 5  
43 ,
0757
01-072-
9 198
4736
6714
1337
4149
0 1 - 0 7 2 -
4524
01-072-
1493
8870
9786
01-072-
4173
01-072-
5290
1314
1639
1 3 7 6 . 8 5
1937
6 1 . 6 0
7 6 . 0 0
1 8 6 . 2 0
1 3 0 . 6 1
1 7 3 6 2 . 1 7
1937
4 0 1 . 0 1
1937
1 3 8 . 4 4
1 7 2 . 1 5
2 3 9 6 . 6 4
1 937
3 6 1 0 . 9 7
1937
1 9 4 3 . 9 6
5 3 . 5 4
3 3 9 0 . 3 5
0 . 1 0 0 4  
0 . 4 0 1 5  
0 . 2 6 7 6  
0 . 1 0 0 4  
0 . 2 6 7 6  
0 . 1 0 0 4  
0 . 0 5 0 2  
0 . 1 6 7 3  
0 . 2 6 7 6  
0 . 1 0 0 4  
0 . 1 2 2 4  
0 . 0 6 1 2  
0 . 4 8 9 6  
0 . 1 0 2 0
3 . 8 5 4 3 9
3 . 5 7 3 1 8
3 . 3 6 6 8 9
3 . 3 4 2 3 7
3 . 2 8 6 4 7
3 . 0 3 6 5 8
2 . 8 4 4 3 6
2 . 7 8 4 2 8
2 . 6 4 5 3 7
2 . 4 9 6 2 4
2 . 2 8 4 1 5
2 . 2 8 3 6 1
2 . 1 9 2 8 3
2 . 0 9 4 1 6
7 . 9 3  
0 . 3 5  
0 . 4 4  
1 .07 
0 . 7 5  
1 0 0 . 0 0  
2 . 3 1  
0 . 8 0  
0 . 9 9
1 3 . 8 0
2 0 . 8 0  
1 1 . 2 0
0 . 3 1
1 9 . 5 3
390-
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0 . 1 2 2 4
43
0 . 0 7 3 4
45
0 . 3 9 1 7
47
0 . 0 9 7 9
47
0 . 1 2 2 4
47
0 . 0 7 3 4
48
0 . 1 2 2 4
48
0 . 0 7 3 4
50
0 . 4 8 9 6
56
0 . 0 9 7 9
57
0 . 1 4 6 9
57
0 . 0 9 7 9
58
0 . 1 9 5 8
0 1 - 0 7 2 -
2 8 4 7
8659
1200
0 1 - 0 7 2 -
, 5102
0 1 - 0 7 2 -
6385
, 5067
0 1 - 0 7 2 -
, 6412
, 0783
, 5601
0 1 - 0 7 2 -
. 3938
0 1 - 0 7 2 -
, 5745
, 0804
0 1 - 0 7 2 -
1 937
1 9 8 1 . 2 8
1 2 2 . 6 4
1 4 4 0 . 7 0
1937
4 1 2 5 . 6 2
1937
2 5 0 5 . 5 1
4 0 6 9 . 6 6
1937
2 3 9 8 . 8 5
1 5 6 . 7 8
6 9 2 . 8 2
1937
1 8 3 4 . 3 1
1937
1 0 1 9 . 6 4
2 2 1 . 7 8  
1937
0 . 0 6 1 2 2 . 0 9 3 7 9 1 1 . 4 1
0 . 3 2 6 4 1 . 9 7 6 8 8 0 . 7 1
0 . 0 8 1 6 1 . 9 2 7 1 5 8 . 3 0
0 . 1 0 2 0 1 . 9 1 2 2 3 2 3 . 7 6
0 . 0 6 1 2 1 . 9 1 2 1 2 1 4 . 4 3
0 . 1 0 2 0 1 . 8 7 5 2 5 2 3 . 4 4
0 . 0 6 1 2 1 . 8 7 5 0 2 1 3 . 8 2
0 . 4 0 8 0 1 . 8 2 0 0 2 0 . 9 0
0 . 0 8 1 6 1 . 6 2 5 8 5 3 . 9 9
0 . 1 2 2 4 1 . 6 0 4 2 0 1 0 . 5 6
0 . 0 8 1 6 1 . 6 0 3 5 7 5 . 8 7
0 . 1 6 3 2 1 . 5 8 6 8 6 1 . 2 8
P a t t e r n  L is t
V i s i b l e  R e f . C o d e S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c .  Chem.  Fo r mul a  
* 0 1 - 0 7 2 - 1 9 3 7
1 . 0 2 9  Ca C 03
73 C a l c i t e 0 . 0 3 6
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Specimen: PC-WATER-SURF-IY
co iit
100 -
00 iviyKipcHf I iBoê »  tfe r
" ^  ' ...................1 ........................
20
■ 1 ■ ................
30 (0
M ..................
30
Poîittoi rzneq
Peak List
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel.Int.[%]
Tipwidth[°2Th.] Matched by
2 3 . 2 7 0 9  1 4 . 4 6 0 . 1 2 2 4 3 . 8 1 9 3 4 8 . 6 1
0 . 1 4 6 9  0 0 - 0 0 2 - 0 6 2 9 ; 0 0 . .
2 9 . 6 2 1 4  1 6 8 . 0 0 0 . 0 8 1 6 3 . 0 1 3 3 7 1 0 0 . 0 0
0 . 0 9 7 9  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .
3 6 . 1 9 0 9  1 9 . 2 5 0 . 1 6 3 2 2 . 4 8 0 0 2 1 1 .  46
0 . 1 9 5 8  0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .
3 9 . 6 3 2 1  3 1 . 6 2 0 . 1 0 2 0 2 . 2 7 2 2 6 1 8 . 8 2
0 . 1 2 2 4  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .
4 3 . 3 5 5 5  2 5 . 0 1 0 . 1 2 2 4 2 . 0 8 5 3 5 1 4 . 8 9
0 . 1 4 6 9  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .
47.3441 9 . 1 0 0 . 2 4 4 8 1 . 9 1 8 5 5 5 . 41
0 . 2 9 3 8  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .
4 7 . 7 0 3 2  2 4 . 2 8 0 . 1 2 2 4 1 . 9 0 4 9 4 1 4 . 4 5
0 . 1 4 6 9  0 0 - 0 0 2 - 0 6 3 0 ; 0 0 . .
4 8 . 7 1 0 9  2 8 . 3 5 0 . 0 8 1 6 1.86786 1 6 . 8 8
0 . 0 9 7 9  0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .
5 4 ^ ^ ^ 6  1 . 2 5 0 . 2 8 5 6 1 . 6 7 1 2 3 0 . 7 4
0 . 3 4 2 7
5 7 . 5 9 2 4  6 . 4 8 0 . 2 4 4 8 1 . 5 9 9 1 4 3 . 8 6
0 . 2 9 3 8  0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .
Pattern List
Visible Ref.Code Score Compound Name Displ.[°2Th]
Scale Fac. Chem. Formula
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0 0 - 0 0 1 - 0 2 2 9 1 Nitrocalcite, syn -0.176
1 . 6 5 7 Ca ( N 03 ) 2  !,4 H2 0
0 0 - 0 0 1 - 0 8 3 7 30 Calcite 0 . 1 6 2
0 . 1 9 2 Ca C 03
0 0 - 0 0 2 - 0 6 2 3 Unmatch Calcite 0 . 1 2 5
0 . 3 4 7 Ca C 03
0 0 - 0 0 2 - 0 6 2 9 26 Calcite 0 . 0 8 1
0 . 3 1 8 Ca C 03
0 0 - 0 0 3 - 0 5 9 3 Unmatch Calcite 0 . 2 7 5
0 .515 Ca C 03
0 0 - 0 0 3 - 0 5 9 6 Unmatch Calcite 0 . 2 0 9
0 . 2 8 8 Ca C 03
0 0 - 0 0 4 - 0 6 3 6 Unmatch Calcite 0 . 2 1 7
0 . 2 4 9 Ca C 03
0 0 - 0 0 4 - 0 6 3 7 Unmatch Calcite 0 . 2 1 7
0 . 2 4 9 Ca C 03
0 0 - 0 0 5 - 0 5 8 6 65 Calcite, syn 0 . 1 7 5
0 . 5 5 5 Ca C 03
Specimen: SIFU-WATER-SURF-3M
Cont
firfooitoh3ffl-(in
ICOOO-
20 30 40 50
P e a k  Lis t
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel.Int.[%]
Tipwidth[°2Th■] Matched by
2 3 . 3 1 4 9  6 2 9 . 6 0  0 . 1 1 7 1  3 . 8 1 5 3 9  6 . 1 3
0 . 1 4 0 5  0 1 - 0 8 3 - 0 5 7 8
2 5 . 1 4 1 3  8 7 . 4 3  0 . 1 6 7 3  3 . 5 4 2 2 1  0 . 8 5
0 . 2 0 0 7
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26.
0 . 0 8 0 3
27 .
0 . 2 4 0 9
29.
0 . 1 6 0 6
31 .  
0 . 0 8 0 3
32.  
0 . 2 4 0 9
32.  
0 . 1 2 0 4
33.  
0 . 2 0 0 7
34 .  
0 . 1 6 0 6
36.
0 . 1 0 0 4
39.
0 . 1 0 0 4
41,
0 . 0 6 0 2
43,  
0 . 1 2 0 4
44,  
0 . 4 0 1 5
46,  
0 . 3 2 1 2
47,  
0 . 1 2 0 4
47,
0 . 1 2 2 4
47,  
0 . 0 7 3 4
48,  
0 . 1 2 2 4
48,
0 . 0 7 3 4
50,  
0 . 6 8 5 4
51,  
0 . 1 9 5 8
56,
0 . 1 2 2 4
57
0 . 1 4 6 9
57
0 . 1 2 2 4
58
0 . 1 4 6 9
8954
3235
6573
0 1 - 0 8 3 -
6895
0 1 - 0 8 3 -
4023
0 0 - 0 0 2 -
8235
0 0 - 0 0 2 -
4671
1189
2 163
0 1 - 0 8 3 -
6 509
0 1 - 0 8 3 -
4668
0 0 - 0 0 2 -
4015
01- 083-
1212
1164
0 0 - 0 0 2 -
3399
0 1 - 0 8 3 -
7443
0 1 - 0 8 3 -
8764
7360
0 1 - 0 8 3 -
8773
2 840
9128
0 0 - 0 0 2 -
7800
0 1 - 0 8 3 -
6155
0 1 - 0 8 3 -
7 674
3 032
0 1 - 0 8 3 -
4 2 9 . 1 5
1 6 4 . 5 6
1 0 2 6 9 . 9 7  
0 5 7 8 ; 0 0 . .
2 6 3 . 7 8
0578
1 5 9 . 8 1
0849
2 4 5 . 2 7
0849
1 4 7 . 4 8
1 7 7 . 4 6
1 3 3 2 . 5 2
0578
2 0 5 2 . 7 5
0 578
2 5 1 . 6 5
0 849
1 8 4 3 . 8 5
0578
1 6 5 . 2 9
1 3 5 . 0 7
0849
6 7 4 . 1 0
0578
2 9 5 5 . 8 3
0 578
1 6 8 2 . 6 8
2 3 9 4 . 8 9
0578
1 3 7 6 . 0 8
1 9 7 . 3 8
1 9 6 . 7 2
0849
3 9 0 . 9 8
0578
1 0 2 6 . 4 3
-0578
6 1 3 . 8 5
1 7 2 . 7 0
0578
0 . 0 6 6 9 3 . 3 1 5 0 4 4 . 1 8
0 . 2 0 0 7 3 . 2 6 4 0 6 1 . 6 0
0 . 1 3 3 8 3 . 0 1 2 3 1 1 0 0 . 0 0
0 . 0 6 6 9 2 . 8 2 3 6 1 2 . 5 7
0 . 2 0 0 7 2 . 7 6 3 1 1 1 . 5 6
0 . 1 0 0 4 2 . 7 2 8 6 1 2 . 3 9
0 . 1 6 7 3 2 . 6 7 7 5 9 1 . 4 4
0 . 1 3 3 8 2 . 6 2 7 9 2 1 . 7 3
0 . 0 8 3 6 2 . 4 8 0 4 0 1 2 . 9 7
0 . 0 8 3 6 2 . 2 7 3 1 0 1 9 . 9 9
0 . 0 5 0 2 2 . 1 7 7 6 7 2 . 4 5
0 . 1 0 0 4 2 . 0 8 4 9 7 1 7 . 9 5
0 . 3 3 4 6 2 . 0 5 2 6 2 1 . 6 1
0 . 2 6 7 6 1 . 9 6 8 3 5 1 . 3 2
0 . 1 0 0 4 1 . 9 2 0 3 0 6 . 5 6
0 . 1 0 2 0 1 . 9 0 3 4 0 2 8 . 7 8
0 . 0 6 1 2 1 . 9 0 3 1 7 1 6 . 3 8
0 . 1 0 2 0 1 . 8 6 6 9 6 2 3 . 3 2
0 . 0 6 1 2 1 . 8 6 6 5 2 1 3 . 4 0
0 . 5 7 1 2 1 . 8 1 3 0 5 1 . 9 2
0 . 1 6 3 2 1 . 7 5 9 9 3 1 . 9 2
0 . 1 0 2 0 1 . 6 2 0 0 8 3 . 8 1
0 . 1 2 2 4 1 . 5 9 8 5 6 9 . 9 9
0 . 1 0 2 0 1 . 5 9 8 6 7 5 . 9 8
0 . 1 2 2 4 1 . 5 8 1 3 3 1 . 6 8
P a t t e r n  L is t
V i s i b l e  R e f . C o d e S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c .  Chem.  For mul a  
* 0 1 - 0 8 3 - 0 5 7 8  66
0 . 9 7 7  Ca ( C 03 )
0 0 - 0 0 2 - 0 8 4 9  0
0 . 0 7 8  3 Ca 0  ! S i  02
C a l c i t e
C a l c i u m  S i l i c a t e
0 . 2 0 7
0 . 0 3 3
394
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Specimen: SIFU-WATER-SURF-IY
C o n t
100 -
COIVtvKHI-CIIQa
30
Poîittoi [C T k q
P e a k  L is t
Pos.[°2Th.] Height[cts] FWHM [ ° 2 T h . ]  d-spacing[Â] Rel.Int.[%]
Tipwidth[°2Th.] Matched 
2 3 . 2 7 7 6  7 . 4 9
by
0 . 2 4 4 8 3 . 8 1 8 2 6 7 . 1 8
0 . 2 9 3 8  0 0 - 0 0 2 - 0 6 2 9 ; 0 0 . .  
2 9 . 6 2 2 2  1 0 4 . 2 5 0 . 1 0 2 0 3 . 0 1 3 3 0 100 .00
0 . 1 2 2 4  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .  
3 6 . 1 7 7 5  1 2 . 9 6 0 . 1 2 2 4 2 . 4 8 0 9 2 1 2 . 4 3
0 . 1 4 6 9  0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .  
3 9 . 5 9 8 7  1 2 . 6 7 0 . 1 2 2 4 2 . 2 7 4 1 0 12.15
0 . 1 4 6 9  0 0 - 0 0 1 - 0 2 2 9 / 0 0 . .  
4 3 . 3 6 2 8  1 7 . 8 7 0 . 1 2 2 4 2 . 0 8 5 0 1 17 .14
0 . 1 4 6 9  0 0 - 0 0 1 - 0 2 2 9 / 0 0 . .  
4 7 . 6 9 7 9  1 9 . 2 2 0 . 1 6 3 2 1 . 9 0 5 1 4 1 8 . 4 4
0 . 1 9 5 8  0 0 - 0 0 2 - 0 6 3 0 / 0 0 . .  
4 8 . 7 0 0 2  1 8 . 4 5 0 . 1 6 3 2 1 . 8 6 8 2 5 1 7 . 7 0
0 . 1 9 5 8  0 0 - 0 0 1 - 0 8 3 7 / 0 0 . .  
5 7 ^ ^ ^ 1  4 . 0 6 0 . 4 8 9 6 1 . 6 0 0 6 0 3 . 8 9
0 . 5 8 7 5  0 0 - 0 0 1 - 0 8 3 7 / 0 0 . .  
P a t t e r n  L is t
Visible Ref.Code Score Compound Name Displ.[°2Th]
Scale Fac. Chem. Formula
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0 0 - 0 0 1 - 0 2 2 9 1 Nitrocalcite, syn - 0 . 1 3 7
2 . 3 8 9 Ca ( N 03 ) 2  !:4 H2 0
0 0 - 0 0 2 - 0 6 2 9 Unmatch Calcite 0 . 1 6 4
0 . 1 3 8 C a C 0 3
0 0 - 0 0 3 - 0 5 6 9 Unmatch Calcite 0 . 5 7 7
0 . 0 8 0 C a C 0 3
0 0 - 0 0 3 - 0 5 9 3 Unmatch Calcite 0 . 2 6 1
0 . 7 4 3 C a C 0 3
0 0 - 0 0 3 - 0 5 9 6 Unmatch Calcite 0 . 2 5 0
0 .159 Ca C 03
0 0 - 0 0 4 - 0 6 3 6 Unmatch Calcite 0 . 2 2 8
0 . 4 3 3 Ca C 03
0 0 - 0 0 4 - 0 6 3 7 Unmatch Calcite 0 . 2 2 8
0 . 4 3 3 Ca C 03
0 0 - 0 0 5 - 0 5 8 6 54 Calcite, syn 0 . 2 0 5
0 . 7 6 6 Ca C 03
Specimen: PC-NaCl-SURF-3M
Cont
10000 -
30 5020 40
rzTkt;
P e a k  Li s t
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel. Int. [%]
Tipwidth[°2Th.] Matched by
2 3 . 3 0 9 1  1 3 8 0 . 1 5 0.1171 3 . 8 1 6 3 3 8 . 0 4
0 . 1 4 0 5  0 1 - 0 7 2 - 1 6 5 2
2 6 . 4 6 0 3  1 7 2 . 7 6 0 . 1 3 3 8 3 . 3 6 8 5 5 1 .01
0 . 1 6 0 6
2 7 . 3 9 5 4  1 1 6 . 8 0 0 . 2 0 0 7 3 . 2 5 5 6 6 0 . 6 8
0 . 2 4 0 9
2 9 . 6 5 1 4  1 7 1 7 4 . 2 9 0.1004 3 . 0 1 2 8 9 1 0 0 . 0 0
0 . 1 2 0 4  0 1 - 0 7 2 - 1 6 5 2
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3 1 . 6 9 8 4  3 9 7 . 5 0 0 . 1 0 0 4 2 . 8 2 2 8 4 2 . 3 1
0 . 1 2 0 4  0 1 - 0 7 2 - 1 6 5 2
3 3 . 4 3 5 3  1 0 3 . 4 2 0 . 2 0 0 7 2 . 6 8 0 0 7 0 . 6 0
0 . 2 4 0 9
3 4 . 1 0 3 4  1 7 5 . 5 1 0 . 1 3 3 8 2 . 6 2 9 0 8 1 . 0 2
0 . 1 6 0 6
3 4 . 5 6 5 8  1 1 3 . 6 0 0 . 1 0 0 4 2 . 5 9 4 9 6 0 . 6 6
0 . 1 2 0 4
3 6 . 2 1 1 7  2 4 4 5 . 8 0 0 . 1 1 7 1 2 . 4 8 0 7 0 1 4 . 2 4
0 . 1 4 0 5  0 1 - 0 7 2 - 1 6 5 2
3 8 . 1 1 9 8  7 7 . 8 4 0 . 2 0 0 7 2 . 3 6 0 8 1 0 . 4 5
0 . 2 4 0 9
3 9 . 6 4 7 4  3 6 1 1 . 6 0 0 . 1 1 7 1 2 . 2 7 3 3 0 2 1 . 0 3
0 . 1 4 0 5  0 1 - 0 7 2 - 1 6 5 2
4 3 . 3 9 0 0  3 1 4 1 . 4 5 0 . 1 4 2 8 2 . 0 8 3 7 7 1 8 . 2 9
0 . 1 7 1 4  0 1 - 0 7 2 - 1 6 5 2
4 3 . 5 0 0 8  2 1 0 6 . 2 2 0 . 0 8 1 6 2 . 0 8 3 8 9 1 2 . 2 6
0 . 0 9 7 9
4 6 . 0 8 2 6  1 7 2 . 2 6 0 . 2 8 5 6 1 . 9 6 8 0 9 1 . 0 0
0 . 3 4 2 7
4 7 . 3 5 1 7  1 3 1 6 . 5 1 0 . 1 4 2 8 1 . 9 1 8 2 6 7 . 6 7
0 . 1 7 1 4  0 1 - 0 7 2 - 1 6 5 2
4 7 . 7 3 8 3  3 9 3 6 . 8 5 0 . 1 0 2 0 1 . 9 0 3 6 2 2 2 . 9 2
0 . 1 2 2 4  0 1 - 0 7 2 - 1 6 5 2
4 7 . 8 6 6 7  2 6 1 9 . 9 0 0 . 0 8 1 6 1 . 9 0 3 5 3 1 5 . 2 5
0 . 0 9 7 9
4 8 . 7 2 9 9  4 0 5 4 . 9 5 0 . 1 2 2 4 1 . 8 6 7 1 8 2 3 . 6 1
0 . 1 4 6 9  0 1 - 0 7 2 - 1 6 5 2
4 8 . 8 6 3 1  2 5 5 0 . 4 3 0 . 0 6 1 2 1 . 8 6 7 0 3 1 4 . 8 5
0 . 0 7 3 4
5 0 . 3 8 6 5  1 2 9 . 8 9 0 . 3 2 6 4 1 . 8 0 9 6 0 0 . 7 6
0 . 3 9 1 7
5 6 . 7 8 0 5  6 9 3 . 3 9 0 . 1 6 3 2 1 . 6 2 0 0 6 4 . 0 4
0 . 1 9 5 8  0 1 - 0 7 2 - 1 6 5 2
5 7 . 6 0 9 6  1 7 6 1 . 7 0 0 . 1 6 3 2 1 . 5 9 8 7 1 1 0 . 2 6
0 . 1 9 5 8  0 1 - 0 7 2 - 1 6 5 2
5 8 . 2 8 7 8  2 2 8 . 9 4 0 . 1 2 2 4 1 . 5 8 1 7 1 1 . 3 3
0 . 1 4 6 9  0 1 - 0 7 2 - 1 6 5 2
P a t t e r n  L is t
v i s i b l e  R e f . C o d e  S c o r e Compound Name D i s p l . [ ° 2 T h ;
S c a l e  F a c .  Chem.  For mul a  
* 0 1 - 0 7 2 - 1 6 5 2
0 . 9 0 9  Ca  C 03
65 C a l c i t e 0 . 1 6 6
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Specimen: PC-NaCl-SURF-lY
1 00 -
iacHvr-opi>iireK:«
" 1 ...............
20
1 . . . . . .  .
30
' 1 ......................
40
1 .........................
50
Positfci [-ZTkq
P e a k  Li s t
P o s . [ ° 2 T h . ]  H e i g h t [ c t s ]  FWHM[°2Th. ] d - s p a c i n g [Â] R e l . I n t . [%]
T i p w i d t h [ ° 2 T h . ]  Ma t c h e d  by
2 3 . 2 8 5 7  2 0 . 6 2 0 . 1 2 2 4 3 . 8 1 6 9 5 11.11
0 . 1 4 6 9  0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .
2 9 . 6 2 4 2  1 8 5 . 5 9 0 . 1 0 2 0 3 . 0 1 3 1 0 1 0 0 . 0 0
0 . 1 2 2 4  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .
3 6 . 1 7 7 4  1 9 . 8 2 0 . 1 2 2 4 2 . 4 8 0 9 3 1 0 . 6 8
0 . 1 4 6 9  0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .
3 9 . 6 2 3 7  3 3 . 0 9 0 . 1 4 2 8 2 . 2 7 2 7 2 1 7 . 8 3
0 . 1 7 1 4  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .
4 3 . 3 3 8 8  2 8 . 2 1 0 . 1 0 2 0 2 . 0 8 6 1 2 1 5 . 2 0
0 . 1 2 2 4  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .
4 7 . 7 1 3 0  2 9 . 4 3 0 . 1 6 3 2 1 . 9 0 4 5 7 1 5 . 8 6
0 . 1 9 5 8  0 0 - 0 0 2 - 0 6 3 0 ; 0 0 . .
4 8 . 7 0 3 8  3 0 . 6 2 0 . 1 6 3 2 1 . 8 6 8 1 2 1 6 . 5 0
0 . 1 9 5 8  0 0 - 0 0 2 - 0 6 0 4 ; 0 0 . .
5 7 . 6 1 8 4  11.18 0 . 2 4 4 8 1 . 5 9 8 4 8 6 . 0 2
0 . 2 9 3 8  0 0 - 0 0 2 - 0 6 0 4 ; 0 0 . .
P a t t e r n  Lis t
v i s i b l e  R e f . C o d e  S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c .  Chem.  Formul a
0 0 - 0 0 1 - 0 2 2 9  1 N i t r o c a l c i t e ,  s y n - 0 . 1 3 6
3 . 1 0 9  Ca ( N 03 ) 2 !4 H2 0
* 0 0 - 0 0 1 - 0 8 3 7  32 C a l c i t e 0 . 2 0 6
0 . 3 1 0  Ca C 03
0 0 - 0 0 2 - 0 6 2 3  Unmatch C a l c i t e 0 . 1 8 2
0 . 4 8 9  Ca C 03
0 0 - 0 0 2 - 0 6 2 9 42 C a l c i t e 0 . 1 3 6
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0 . 2 0 1 Ca C 03
0 0 - 0 0 3 - 0 5 6 9 No Mate Calcite 0 . 3 7 7
0 . 0 0 0 Ca C 03
0 0 - 0 0 3 - 0 5 9 3 Unmatch Calcite 0 . 2 7 5
0 . 4 5 1 Ca C 03
0 0 - 0 0 3 - 0 5 9 6 Unmatch Calcite 0 . 2 5 2
0 . 2 1 4 Ca C 03
0 0 - 0 0 3 - 0 6 1 2 No Mate Calcite - 0 . 0 4 3
0 . 0 0 0 Ca C 03
0 0 - 0 0 3 - 0 6 7 0 2 Calcite - 0 . 3 2 9
0 . 046 Ca C 03
0 0 - 0 0 4 - 0 6 3 6 27 Calcite 0 . 2 1 3
0 . 2 1 6 Ca C 03
0 0 - 0 0 4 - 0 6 3 7 27 Calcite 0 . 2 1 3
0 . 2 1 6 Ca C 03
0 0 - 0 0 5 - 0 5 8 6 80 Calcite, syn 0 . 2 1 1
0 . 8 8 2 Ca C 03
00-014-0177 Unmatch Monohydrocalcite 0 . 4 2 4
0 . 0 6 2 Ca C 03 ! 0 . 6 5 H2 0
Specimen: SIFU-NaCl-SURF-3M
Cout
iirHlaCk3m^W
10000-
3020 50
Poî»;.i [Yneq
P e a k  L is t
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel.Int.[%]
Tipwidth[°2Th.] Matched by
2 3 . 0 4 3 5  1 1 4 6 . 7 1  0 . 0 8 3 6  3 . 8 5 9 7 1  7 . 0 6
0 . 1 0 0 4  0 1 - 0 8 1 - 2 0 2 7
2 4 . 8 8 4 5  1 1 2 . 5 5  0 . 2 0 0 7  3 . 5 7 8 1 7  0 . 6 9
0 . 2 4 0 9
2 6 . 2 2 0 9  1 4 1 . 7 1  0 . 1 3 3 8  3 . 3 9 8 7 6  0 . 8 7
-399 -
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0 . 1 6 0 6
2 1 .
0 . 2 4 0 9
2 9 .
0 . 1 4 6 9
2 9 .
0 . 0 4 9 0
31.  
0 . 0 9 7 9
3 2 .  
0 . 2 9 3 8
3 3 .  
0 . 2 4 4 8
35.
0 . 1 2 2 4
37.
0 . 2 9 3 8
3 9 .
0 . 1 2 2 4
3 9 .
0 . 0 7 3 4
43.
0 . 1 7 1 4
43 .
0 . 4 8 9 6
45,
0 . 2 9 3 8
47,
0 . 1 2 2 4
47,
0 . 1 2 2 4
47,  
0 . 0 7 3 4
48,  
0 . 1 4 6 9
48 ,  
0 . 0 9 7 9  
50,  
0 . 3 9 1 7  
52,  
1 . 1 7 5 0  
56 , 
0 . 1 7 1 4  
57,  
0 . 1 7 1 4  
58
0 . 0 9 7 9
0715
3 8 9 0
0 1 - 0 8 1 -
4734
4 2 9 3
0 1 - 0 8 1 -
7531
8417
9 4 7 6
0 1 - 0 8 1 -
8 4 8 3
3819
0 1 - 0 8 1 -
4944
1312
0 1 - 0 8 1 -
8 3 9 1
8 4 0 6
0831
0 1 - 0 8 1 -
4 8 7 6
0 1 - 0 8 1 -
6211
4 7 8 8
0 1 - 0 8 1 -
6135
1132
7424
5097
0 1 - 0 8 1 -
3 6 0 5
0 1 - 0 8 1 -
0538
0 1 - 0 8 1 -
1 9 8 . 4 9
1 6 2 4 3 . 7 0
2 0 2 7
8 9 8 0 . 5 5
4 4 2 . 1 5
2 0 2 7
1 7 2 . 7 4
1 3 4 . 8 8
2 0 2 0 . 9 7
-2027
6 7 . 3 7
3 0 7 3 . 3 4
2 0 2 7
1 8 3 7 . 7 2
2 5 9 8 . 7 7
-2027
1 3 8 . 5 6
1 0 6 . 4 2
1 0 7 7 . 3 8
-2027
4 1 0 7 . 9 9
-2027
2 3 7 6 . 2 3
3 8 7 4 . 8 0
-2027
2 3 1 7 . 5 4
1 6 0 . 9 9
3 9 . 4 2
5 0 8 . 2 0
2 0 2 7
1 4 3 4 . 3 6
- 2 0 2 7
2 7 9 . 7 0
-2027
0 . 2 0 0 7 3 . 2 9 3 8 7 1 . 2 2
0 . 1 2 2 4 3 . 0 3 6 6 7 1 0 0 . 0 0
0 . 0 4 0 8 3 . 0 3 5 7 0 5 5 . 2 9
0 . 0 8 1 6 2 . 8 4 4 0 4 2 . 7 2
0 . 2 4 4 8 2 . 7 3 2 0 5 1 . 0 6
0 . 2 0 4 0 2 . 6 4 6 6 2 0 . 8 3
0 . 1 0 2 0 2 . 4 9 6 2 5 1 2 . 4 4
0 . 2 4 4 8 2 . 3 7 5 1 5 0 . 4 1
0 . 1 0 2 0 2 . 2 8 6 1 2 1 8 . 9 2
0 . 0 6 1 2 2 . 2 8 5 5 3 1 1 . 3 1
0 . 1 4 2 8 2 . 0 9 5 6 7 1 6 . 0 0
0 . 4 0 8 0 2 . 0 6 3 4 6 0 . 8 5
0 . 2 4 4 8 1 . 9 7 7 9 1 0 . 6 6
0 . 1 0 2 0 1 . 9 2 8 5 7 6 . 6 3
0 . 1 0 2 0 1 . 9 1 3 0 8 2 5 . 2 9
0 . 0 6 1 2 1 . 9 1 2 7 7 1 4 . 6 3
0 . 1 2 2 4 1 . 8 7 6 2 6 2 3 . 8 5
0 . 0 8 1 6 1 . 8 7 6 0 3 1 4 . 2 7
0 . 3 2 6 4 1 . 8 1 8 8 3 0 . 9 9
0 . 9 7 9 2 1 . 7 3 4 1 9 0 . 2 4
0 . 1 4 2 8 1 . 6 2 7 1 8 3 . 1 3
0 . 1 4 2 8 1 . 6 0 5 0 5 8 . 8 3
0 . 0 8 1 6 1 . 5 8 7 5 3 1 . 7 2
P a t t e r n  L is t
V i s i b l e  R e f . C o d e S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c .  Chem.  Fo r mul a  
* 0 1 - 0 8 1 - 2 0 2 7
1 . 0 2 8  Ca ( C 03 )
72 C a l c i t e ,  s y n - 0 . 0 0 5
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Specimen: SIFU-NaCl-SURF-lY
Coilt
100 -
30
Poîittoi prruti
P e a k  Li s t
Pos.[°2Th.] Height[cts] FWHMI[°2Th.]
Tipwidth[°2Th.]1 Matched by
23. . 3 4 8 2 14 .30 0 .1 2 2 4
0.. 1469 00-001-- 0837 ;  00
29. . 69 2 6 1 6 5 . 57 0 .1 2 2 4
0,. 1 4 6 9 0 0 - 0 0 1 - - 0 2 2 9 ; 0 0
33 . 0 4 2 1 3 .78 0.. 4 8 9 6
0,. 5 8 7 5 0 0 - 0 0 1 - - 0229
36. . 2 5 5 1 2 2 . 04 0.. 1 2 2 4
0,. 1 4 6 9 0 0 - 0 0 1 - - 0 8 3 7 ; 0 0
39. . 6 9 0 7 3 2 . 53 0 ,. 0 6 1 2
0,. 0 7 3 4 0 0 - 0 0 1 - - 0 2 2 9 ; 0 0
43. . 4 2 9 5 2 4 . 05 0 ,. 1 2 2 4
0 .1 4 6 9 0 0 - 0 0 1 - - 0 2 2 9 ; 0 0
47.. 7 7 5 0 2 8 . 51 0,. 1 6 3 2
0 ,. 1 9 5 8 00-001-- 0 8 3 7 ;  00
48. . 7 7 8 1 2 6 . 83 0,. 1 6 3 2
0,. 1 9 5 8 00-001-- 0 8 3 7 ; 0 0
57 ,. 7 0 8 2 7 .76 0.. 3 2 6 4
0 ,. 3 9 1 7 00-001-- 0 8 3 7 ; 0 0
Int,[%]
3 . 8 0 6 8 7
3 . 0 0 6 3 2
2 . 7 0 8 8 1
2 . 4 7 5 7 8
2 . 2 6 9 0 4
2 . 0 8 1 9 7
1 . 9 0 2 2 4
1 . 8 6 5 4 5
1 . 5 9 6 2 1
1 0 0 . 0 0
2 . 2 8
13.31
1 9 . 6 5
1 4 . 5 3
1 7 . 2 2
1 6 . 2 0
4 . 6 9
P a t t e r n  Li s t
Visible Ref.Code Score Compound Name Displ.[°2Th]
Scale Fac. Chem. Formula
00-001-0229 1 Nitrocalcite, syn
3 . 0 5 7  Ca ( N 03 ) 2  !4 H2 0 
* 0 0 - 0 0 1 - 0 8 3 7  35 C a l c i t e
0 . 5 2 4  Ca C 03
- 0 . 0 6 2
0 . 2 7 4
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0 0 - 0 0 2 - 0 6 2 3 Unmatch Calcite 0 . 2 5 0
0 . 6 0 2 Ca C 03
0 0 - 0 0 2 - 0 6 2 9 34 Calcite 0 . 2 0 5
0 . 2 5 1 Ca C 03
0 0 - 0 0 3 - 0 5 9 3 Unmatch Calcite 0 . 3 4 5
0 . 5 5 8 Ca C 03
0 0 - 0 0 3 - 0 5 9 6 Unmatch Calcite 0 . 3 2 9
0 . 2 5 1 Ca C 03
0 0 - 0 0 4 - 0 6 3 6 21 Calcite 0 . 3 1 2
0 . 3 5 5 Ca C 03
0 0 - 0 0 4 - 0 6 3 7 21 Calcite 0 . 3 1 2
0 . 3 5 5 Ca C 03
0 0 - 0 0 5 - 0 5 8 6 71 Calcite, syn 0 . 2 7 9
0 . 9 7 2 Ca C 03
00-014-0177 Unmatch Monohydrocalcite 0 . 4 8 6
— Câ ( N 03  ) 2  !4 H2 0
Specimen: PC-NAAC-SURF-3M
C oiit
ICOOO'
2 5 0 0 -
20 30
Poiittji rzTkq
P ea k  L i s t
Pos.[°2Th.] Height[cts] FWHMI[ ° 2 T h . ] d-spacing[Â] Rel.Int. [ %]
Tipwidth[°2Th.] Matched 
2 3 . 2 8 1 8  1 1 7 2 . 6 8
by
0 . 1 0 0 4 3 . 8 2 0 7 3 7 . 6 4
0 . 1 2 0 4  0 1 - 0 8 3 - 0 5 7 8
2 6 . 4 5 5 0  1 4 3 . 3 4 0 . 1 3 3 8 3 . 3 6 9 2 2 0 . 9 3
0 . 1 6 0 6
2 9 . 6 2 1 1  1 5 3 4 8 . 2 7 0 . 1 0 0 4 3 . 0 1 5 9 1 1 0 0 . 0 0
0 . 1 2 0 4  0 1 - 0 8 3 - 0 5 7 8
3 1 . 6 7 4 5  3 3 7 . 4 1 0 . 1 0 0 4 2 . 8 2 4 9 2 2 . 2 0
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0 . 1 2 0 4  0 1 - 0 8 3 - 0 5 7 8
3 2 . 4 0 9 2  1 3 1 . 8 1  
0 . 2 4 0 9
0 . 2 0 0 7 2 . 7 6 2 5 4 0 . 8 6
3 2 . 8 4 7 5  1 3 4 . 9 1  
0 . 2 4 0 9
0 . 2 0 0 7 2 . 7 2 6 6 8 0 . 8 8
3 3 . 4 6 3 3  1 9 8 . 0 7  
0 . 2 8 1 0
0 . 2 3 4 2 2 . 6 7 7 8 9 1 . 2 9
3 4 . 0 8 8 0  2 2 9 . 4 6  
0 . 2 8 1 0
0 . 2 3 4 2 2 . 6 3 0 2 4 1 . 5 0
3 4 . 5 3 4 7  1 1 8 . 7 9  
0 . 1 2 0 4
0 . 1 0 0 4 2 . 5 9 7 2 3 0 . 7 7
3 6 . 1 7 6 1  2 0 7 5 . 4 2  
0 . 1 2 0 4  0 1 - 0 8 3 - 0 5 7 8
0 . 1 0 0 4 2 . 4 8 3 0 7 1 3 . 5 2
3 9 . 6 1 4 1  3 1 4 3 . 0 5  
0 . 1 2 2 4  0 1 - 0 8 3 - 0 5 7 8
0 . 1 0 2 0 2 . 2 7 3 2 5 2 0 . 4 8
3 9 . 7 1 9 1  2 0 1 1 . 4 1  
0 . 0 7 3 4
0 . 0 6 1 2 2 . 2 7 3 1 1 1 3 . 1 1
4 1 . 3 6 0 3  8 3 . 2 0  
0 . 5 8 7 5
0 . 4 8 9 6 2 . 1 8 1 2 2 0 . 5 4
4 3 . 3 5 9 3  2 8 0 3 . 6 1  
0 . 2 2 0 3  0 1 - 0 8 3 - 0 5 7 8
0 . 1 8 3 6 2 . 0 8 5 1 8 1 8 . 2 7
4 3 . 4 7 5 6  1 7 9 3 . 3 2  
0 . 0 9 7 9
0 . 0 8 1 6 2 . 0 8 5 0 4 1 1 . 6 8
4 4 . 2 7 6 8  1 1 0 . 8 1  
0 . 4 8 9 6
0 . 4 0 8 0 2 . 0 4 4 0 7 0 . 7 2
4 6 . 0 6 9 0  1 3 0 . 0 3  
0 . 3 9 1 7
0 . 3 2 6 4 1 . 9 6 8 6 4 0 . 8 5
4 7 . 3 1 1 1  1 2 4 2 . 5 1  
0 . 1 4 6 9  0 1 - 0 8 3 - 0 5 7 8
0 . 1 2 2 4 1 . 9 1 9 8 1 8 . 1 0
4 7 . 7 0 6 8  3 4 5 3 . 9 8  
0 . 1 2 2 4  0 1 - 0 8 3 - 0 5 7 8
0 . 1 0 2 0 1 . 9 0 4 8 1 2 2 . 5 0
4 7 . 8 3 1 4  2 3 1 5 . 2 3  
0 . 0 9 7 9
0 . 0 8 1 6 1 . 9 0 4 8 6 1 5 . 0 8
4 8 . 6 9 7 0  3 5 9 9 . 6 6  
0 . 1 2 2 4  0 1 - 0 8 3 - 0 5 7 8
0 . 1 0 2 0 1 . 8 6 8 3 6 2 3 . 4 5
4 8 . 8 2 6 5  2 3 5 9 . 1 2  
0 . 0 7 3 4
0 . 0 6 1 2 1 . 8 6 8 3 4 1 5 . 3 7
5 0 . 3 4 1 1  1 0 7 . 2 4  
0 . 2 9 3 8
0 . 2 4 4 8 1 . 8 1 1 1 3 0 . 7 0
5 1 . 9 2 5 7  1 0 2 . 2 9  
0 . 2 9 3 8
0 . 2 4 4 8 1 . 7 5 9 5 3 0 . 6 7
5 6 . 7 5 1 2  6 4 4 . 6 5  
0 . 1 4 6 9  0 1 - 0 8 3 - 0 5 7 8
0 . 1 2 2 4 1 . 6 2 0 8 3 4 . 2 0
5 7 . 5 7 4 2  1 5 4 8 . 1 7  
0 . 1 9 5 8  0 1 - 0 8 3 - 0 5 7 8
0 . 1 6 3 2 1 . 5 9 9 6 0 1 0 . 0 9
5 8 . 2 5 7 0  1 8 0 . 2 7  
0 . 1 9 5 8  0 1 - 0 8 3 - 0 5 7 8
0 . 1 6 3 2 1 . 5 8 2 4 7 1 . 1 7
P a t t e r n  L is t
v i s i b l e  R e f . C o d e S c o r e  Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c .  Chem.  Fo r mul a  
* 0 1 - 0 8 3 - 0 5 7 8
0 . 9 3 7  Ca ( C 03 )
69 C a l c i t e 0 . 1 7 9
-403
Appendix D: XRD Results
Specimen: PC-NAAC-SURF-IY
'o u t
100 -
iaa>lvT-opc-«irBc«
PoîMoi [tTkeq
P e a k  L is t
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel.Int.[%
Tipwidth[°2Th.] Matched by
2 3 . 2 8 3 4  6 . 7 9 0 . 4 8 9 6 3 . 8 1 7 3 2 5 . 9 8
0 . 5 8 7 5  0 0 - 0 0 1 - 0 7 7 0 ; 0 0 . .
2 6 . 1 6 8 9  2 . 6 5 0 . 4 0 8 0 3 . 4 0 2 5 8 2 . 3 4
0 . 4 8 9 6
2 9 . 6 1 5 5  1 1 3 . 5 4 0 . 1 0 2 0 3 . 0 1 3 9 6 1 0 0 . 0 0
0 . 1 2 2 4  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .
3 2 . 3 8 1 1  3 . 6 3 0 . 9 7 9 2 2 . 7 6 2 5 9 3 . 1 9
1.1750
3 4 . 2 7 1 3  5 . 2 6 0 . 4 8 9 6 2 . 6 1 4 4 1 4 . 6 4
0 . 5 8 7 5  0 0 - 0 1 5 - 0 2 8 5
3 6 . 2 2 2 7  5 . 6 4 0 . 4 8 9 6 2 . 4 7 7 9 2 4 . 9 7
0 . 5 8 7 5  0 0 - 0 0 1 - 0 7 7 0 ; 0 0 . .
3 9 . 6 1 9 8  1 8 . 4 8 0 . 1 6 3 2 2 . 2 7 2 9 4 1 6 . 2 7
0 . 1 9 5 8  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .
4 3 . 3 6 6 8  1 1 . 3 5 0 . 2 4 4 8 2 . 0 8 4 8 3 1 0 . 0 0
0 . 2 9 3 8  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .
4 7 . 7 1 9 4  1 5 . 2 8 0 . 2 0 4 0 1 . 9 0 4 3 3 1 3 . 4 6
0 . 2 4 4 8  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .
4 8 . 7 1 1 8  17.50 0 . 1 2 2 4 1 . 8 6 7 8 3 1 5 . 4 2
0 . 1 4 6 9  0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .
5 7 . 5 5 9 7  5 . 9 3 0 . 2 4 4 8 1 . 5 9 9 9 7 5 . 2 2
0 . 2 9 3 8  0 0 - 0 0 1 - 0 7 7 0 ; 0 0 . .
P a t t e r n  Lis t
Visible Ref.Code Score Compound Name Displ.[°2Th]
S c a l e  Fac. Chem. Formula
00-002-0623 Unmatch Calcite 0 . 1 8 3
- 4 0 4 -
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0 . 6 0 3 Ca C 03
0 0 - 0 0 2 - 0 6 2 9 Unmatch Calcite 0 . 1 7 9
0 .147 Ca C 03
0 0 - 0 0 3 - 0 5 6 9 Unmatch Calcite 0 . 6 4 1
0 . 2 2 2 Ca C 03
0 0 - 0 0 3 - 0 5 9 3 Unmatch Calcite 0 . 2 7 6
0 . 5 8 3 Ca C 03
0 0 - 0 0 3 - 0 5 9 6 Unmatch Calcite 0 . 2 0 6
0 . 3 7 2 Ca C 03
0 0 - 0 0 4 - 0 6 3 6 Unmatch Calcite 0.317
0 . 3 6 7 Ca C 03
0 0 - 0 0 4 - 0 6 3 7 Unmatch Calcite 0 . 3 1 7
0 . 3 6 7 Ca C 03
0 0 - 0 0 5 - 0 5 8 6 48 Calcite, syn 0 . 2 3 4
0 . 7 6 0 Ca C 03
Specimen: SIFU-NAAC-SURF-3M
10000 -
1020 30 50
P 011*31 r?Tk*t|
P e a k  Lis t
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[A] Rel.Int.[%]
Tipwidth[°2Th.] Matched by
2 3 . 0 4 3 0 7 3 8 . 4 2 0 . 0 8 3 6 3 . 8 5 9 7 8 6 . 9 1
0 . 1 0 0 4  01-081- 2 027
2 4 . 8 9 5 1 8 1 . 5 7 0 . 4 0 1 5 3 . 5 7 6 6 8 0 . 7 6
0 . 4 8 1 8
2 6 . 1 9 6 0 9 2 . 2 2 0 . 2 0 0 7 3 . 4 0 1 9 3 0 . 8 6
0 . 2 4 0 9
2 6 . 6 1 4 6 1 6 8 . 8 9 0 . 1 0 0 4 3 . 3 4 9 3 7 1 . 5 8
-405 -
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0 . 1 2 0 4
27,
0 . 2 4 0 9
29
0 . 1 2 0 4
31,  
0 . 1 6 0 6
32.  
0 . 1 6 0 6
32
0 . 1 2 0 4
33
0 . 2 0 0 7
34.  
0 . 1 2 0 4
35,  
0 . 1 2 0 4
39
0 . 0 9 7 9
39
0 . 0 7 3 4
41,
0 . 2 4 4 8
43
0 . 1 2 2 4
43,
0 . 4 8 9 6
45
0 . 4 8 9 6
47
0 . 2 4 4 8
47
0 . 0 9 7 9
47
0 . 0 7 3 4
48
0 . 1 2 2 4
48
0 . 0 9 7 9
50
0 . 3 4 2 7
51
0 . 1 4 6 9
56
0 . 3 4 2 7
57
0 . 1 4 6 9
58
0 . 1 4 6 9
1011 1 6 2 . 8 8
3 8 4 2  1 0 6 9 2 . 8 8
0 1 - 0 8 1 - 2 0 2 7 ; 0 0 . .
4 390  2 4 7 . 2 7
0 1 - 0 8 1 - 2 0 2 7  
1 421  2 5 8 . 4 8
0 0 - 0 1 3 - 0 2 7 2  
5 4 3 0  3 8 2 . 6 0
0 0 - 0 1 3 - 0 2 7 2  
2 4 1 4  1 5 1 . 6 5
2 8 1 8  3 1 4 . 1 8
0 0 - 0 1 3 - 0 2 7 2  
9 520  1 2 4 6 . 0 9
0 1 - 0 8 1 - 2 0 2 7  
3 8 8 6  1 9 9 5 . 0 5
0 1 - 0 8 1 - 2 0 2 7  
4 929  1 3 0 7 . 0 2
1889 2 3 6 . 9 6
0 0 - 0 1 3 - 0 2 7 2  
1 400  1 8 3 5 . 6 2
0 1 - 0 8 1 - 2 0 2 7  
9 322  1 4 3 . 6 9
8 147  1 1 4 . 6 9
0 0 - 0 1 3 - 0 2 7 2  
1478  7 2 5 . 6 2
0 1 - 0 8 1 - 2 0 2 7  
4838 2 9 1 2 . 3 2
0 1 - 0 8 1 - 2 0 2 7  
6 1 8 5  1 7 1 3 . 8 3
4838  2 5 0 6 . 0 7
0 1 - 0 8 1 - 2 0 2 7
6 1 5 4  1 4 9 3 . 5 9
0363
0 0 - 0 1 3 -
6519
0 0 - 0 1 3 -  
5486
0 1 - 0 8 1 -  
3 765
0 1 - 0 8 1 -
0614
0 1 - 0 8 1 -
2 0 1 . 7 7
0272
2 0 0 . 0 1
0272
3 7 5 . 3 4  
• 2 0 2 7 ; 0 0 .  .
9 6 0 . 8 7
2 0 2 7
1 7 3 . 2 7
2 027
0 . 2 0 0 7 3 . 2 9 0 3 4 1 . 5 2
0 . 1 0 0 4 3 . 0 3 9 6 8 1 0 0 . 0 0
0 . 1 3 3 8 2 . 8 4 5 5 4 2 . 3 1
0 . 1 3 3 8 2 . 7 8 4 8 9 2 . 4 2
0 . 1 0 0 4 2 . 7 5 1 4 9 3 . 5 8
0 . 1 6 7 3 2 . 6 9 5 2 6 1 . 4 2
0 . 1 0 0 4 2 . 6 1 5 8 1 2 . 9 4
0 . 1 0 0 4 2 . 4 9 8 0 3 1 1 . 6 5
0 . 0 8 1 6 2 . 2 8 5 7 4 1 8 . 6 6
0 . 0 6 1 2 2 . 2 8 5 6 1 1 2 . 2 2
0 . 2 0 4 0 2 . 1 8 9 9 0 2 . 2 2
0 . 1 0 2 0 2 . 0 9 5 2 6 1 7 . 1 7
0 . 4 0 8 0 2 . 0 5 9 3 1 1 . 3 4
0 . 4 0 8 0 1 . 9 7 8 9 7 1 . 0 7
0 . 2 0 4 0 1 . 9 2 6 0 8 6 . 7 9
0 . 0 8 1 6 1 . 9 1 3 2 3 2 7 . 2 4
0 . 0 6 1 2 1 . 9 1 2 8 7 1 6 . 0 3
0 . 1 0 2 0 1 . 8 7 6 0 8 2 3 . 4 4
0 . 0 8 1 6 1 . 8 7 5 9 6 1 3 . 9 7
0 . 2 8 5 6 1 . 8 2 1 4 4 1 . 8 9
0 . 1 2 2 4 1 . 7 6 8 2 1 1 . 8 7
0 . 2 8 5 6 1 . 6 2 6 1 6 3 . 5 1
0 . 1 2 2 4 1 . 6 0 4 6 4 8 . 9 9
0 . 1 2 2 4 1 . 5 8 7 3 3 1 . 6 2
P a t t e r n  L is t
V i s i b l e  R e f . C o d e S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c .  Chem.  Fo r mul a  
* 0 1 - 0 8 1 - 2 0 2 7
1 . 0 3 5  Ca ( C 03 )
0 0 - 0 1 3 - 0 2 7 2  
0 . 1 4 1  Ca54 Mg A12 S i l 6  090
66 C a l c i t e ,  s y n  
52 C a l c i u m  Magne s i um .
- 0 . 0 1 7
- 0 . 0 9 0
406 -
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Specimen: SIFU-NAAC-SURF-IY
100-
30
Pojittsi prrietf
P e a k  L is t
Pos.[°2Th.] Height[cts] FWHM[° 2 T h . ]  d - s p a c i n g [Â] Rel.Int.[%]
Tipwidth[°2Th.] Matched by
1 0 . 2 1 0 7  8 . 0 2 0 . 3 2 6 4 8 . 6 5 6 2 6 5 . 3 2
0 . 3 9 1 7
2 3 . 3 1 8 6  1 5 . 2 0 0 . 1 2 2 4 3 . 8 1 1 6 4 1 0 . 0 8
0 . 1 4 6 9  0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .
2 9 . 6 5 4 2  1 5 0 . 8 4 0 . 1 2 2 4 3 . 0 1 0 1 2 1 0 0 . 0 0
0 . 1 4 6 9  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .
3 6 . 2 1 3 8  1 9 . 1 1 0 . 1 2 2 4 2 . 4 7 8 5 1 1 2 . 6 7
0 . 1 4 6 9  0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .
3 9 . 6 6 0 8  2 4 . 6 6 0 . 2 0 4 0 2 . 2 7 0 6 8 1 6 . 3 5
0 . 2 4 4 8  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .
4 3 . 3 8 4 2  2 3 . 7 3 0 . 1 2 2 4 2 . 0 8 4 0 4 1 5 . 7 3
0 . 1 4 6 9  0 0 - 0 0 1 - 0 2 2 9 ; 0 0 . .
4 7 . 7 4 0 2  3 5 . 5 2 0 . 1 0 2 0 1 . 9 0 3 5 5 2 3 . 5 5
0 . 1 2 2 4  0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .
4 8 . 7 3 4 0  3 3 . 7 7 0 . 1 0 2 0 1 . 8 6 7 0 3 2 2 . 3 9
0 . 1 2 2 4  0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .
5 7 . 6 4 0 3  9 . 8 8 0 . 2 8 5 6 1 . 5 9 7 9 3 6 . 5 5
0 . 3 4 2 7  0 0 - 0 0 2 - 0 6 0 4 ; 0 0 . .
P a t t e r n  Lis t
Visible Ref.Code Score Compound Name Displ.[ °2Th]
Scale Fac. Chem. Formula
0 0 - 0 0 1 - 0 2 2 9  1 Nitrocalcite, syn - 0 . 1 0 4
3 . 0 5 5  Ca ( N 03 ) 2  !4 H2 0
-4 0 7 -
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0 0 - 0 0 1 - 0 8 3 7 29 Calcite 0 . 2 3 8
0 . 4 0 7 Ca C 03
0 0 - 0 0 2 - 0 6 2 3 Unmatch Calcite 0 . 2 1 2
0 . 6 4 6 Ca C 03
0 0 - 0 0 2 - 0 6 2 9 33 Calcite 0 . 1 6 7
0 . 1 9 8 Ca C 03
0 0 - 0 0 3 - 0 5 9 3 Unmatch Calcite 0 . 3 0 4
0 . 5 8 0 Ca C 03
0 0 - 0 0 3 - 0 5 9 6 Unmatch Calcite 0 . 2 7 9
0 . 2 4 3 Ca C 03
0 0 - 0 0 4 - 0 6 3 6 Unmatch Calcite 0 . 2 7 4
0 . 4 3 4 Ca C 03
0 0 - 0 0 4 - 0 6 3 7 Unmatch Calcite 0 . 2 7 4
0 . 4 3 4 Ca C 03
0 0 - 0 0 5 - 0 5 8 6 72 Calcite, syn 0 . 2 4 4
0 . 8 7 6 Ca C 03
0 0 - 0 1 4 - 0 1 7 7 Unmatch Monohydrocalcite 0 . 4 5 3
Specimen: PC-CMA-SURF-3M
6i00-
1 6 0 0 -
20 30 10 50
P e a k  Lis t
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel.Int.[%]
Tipwidth[°2Th■] Matched by
1 6 . 5 7 9 3  6 6 . 0 2  0 . 4 0 1 5  5 . 3 4 7 1 3  1J06
0 . 4 8 1 8
1 8 . 5 3 0 2  1 7 8 . 4 3  0 . 2 0 0 7  4 . 7 8 8 3 6  2 . 8 7
0 . 2 4 0 9  0 0 - 0 0 1 - 1 1 6 9 ; 0 0 . .
2 0 . 5 2 1 9  1 3 9 . 5 5  0 . 1 0 0 4  4 . 3 2 7 9 1  2 . 2 4
0 . 1 2 0 4  0 1 - 0 8 2 - 2 4 5 5
-408-
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2 2 . 3 8 1 0  1 6 5 . 8 5 0 . 1 3 3 8 3 . 9 7 2 4 4 2 , 6 6
0 . 1 6 0 6  0 0 - 0 4 1 - 1 4 7 5
2 3 . 0 4 9 2  5 1 3 . 5 3 0 . 1 1 7 1 3 . 8 5 8 7 7 8 . 2 5
0 . 1 4 0 5  0 1 - 0 8 3 - 1 7 6 2
2 5 . 3 2 5 4  1 2 4 . 2 0 0 . 1 6 7 3 3 . 5 1 6 8 7 1 . 9 9
0 . 2 0 0 7
2 6 . 2 1 1 5  9 2 0 . 0 8 0 . 1 3 3 8 3 . 3 9 9 9 6 1 4 . 7 8
0 . 1 6 0 6  0 0 - 0 4 1 - 1 4 7 5
2 7 . 0 9 4 3  5 4 4 . 1 5 0 . 1 2 2 4 3 . 2 8 8 4 3 8 . 7 4
0 . 1 4 6 9  0 0 - 0 4 1 - 1 4 7 5
2 7 . 1 9 2 7  5 0 3 . 4 3 0 . 1 1 7 1 3 . 2 7 9 4 7 8 . 0 8
0 . 1 4 0 5  0 0 - 0 4 1 - 1 4 7 5
2 9 . 3 9 8 8  6 2 2 7 . 0 0 0 . 1 3 3 8 3 . 0 3 8 2 0 1 0 0 . 0 0
0 . 1 6 0 6  0 1 - 0 8 3 - 1 7 6 2
2 9 . 6 2 4 0  2 6 6 2 . 9 9 0 . 0 6 6 9 3 . 0 1 5 6 2 4 2 . 7 7
0 . 0 8 0 3
3 0 . 5 3 3 4  1 7 8 . 4 7 0 . 1 3 3 8 2 . 9 2 7 8 4 2 . 8 7
0 . 1 6 0 6
3 1 . 5 4 6 6  1 0 2 . 2 8 0 . 3 3 4 6 2 . 8 3 6 0 8 1 . 6 4
0 . 4 0 1 5  0 1 - 0 8 3 - 1 7 6 2
3 3 . 1 0 8 9  5 8 4 . 1 4 0 . 0 8 3 6 2 . 7 0 5 7 4 9 . 3 8
0 . 1 0 0 4  0 0 - 0 4 1 - 1 4 7 5 ; 0 1 . . 
3 4 . 2 0 9 7  1 7 1 . 8 0 0 . 1 3 3 8 2 . 6 2 1 1 6 2 . 7 6
0 . 1 6 0 6  0 1 - 0 8 2 - 1 2 1 5
3 4 . 8 5 2 0  1 3 4 . 9 2 0 . 2 0 0 7 2 . 5 7 4 3 1 2 . 1 7
0 . 2 4 0 9
3 5 . 1 1 1 1  2 1 1 . 0 1 0 . 0 5 0 2 2 . 5 5 5 9 0 3 . 3 9
0 . 0 6 0 2
3 5 . 9 5 5 0  1 1 6 0 . 2 2 0 . 0 6 6 9 2 . 4 9 7 8 2 1 8 . 6 3
0 . 0 8 0 3  0 1 - 0 8 3 - 1 7 6 2
3 7 . 9 1 3 6  1 0 5 1 . 6 0 0 . 2 3 4 2 2 . 3 7 3 1 7 1 6 . 8 9
0 . 2 8 1 0  0 0 - 0 4 1 - 1 4 7 5 ; 0 0 . .  
3 8 . 5 6 2 4  3 9 6 . 0 1 0 . 2 6 7 6 2 . 3 3 4 7 2 6 . 3 6
0 . 3 2 1 2  0 0 - 0 4 1 - 1 4 7 5 ; 0 1 . .  
3 9 . 3 9 1 5  1 2 3 6 . 9 1 0 . 0 8 3 6 2 . 2 8 7 4 8 1 9 . 8 6
0 . 1 0 0 4  0 1 - 0 8 3 - 1 7 6 2 ; 0 1 . .  
3 9 . 7 5 2 9  5 0 3 . 4 8 0 . 2 0 0 7 2 . 2 6 7 5 1 8 . 0 9
0 . 2 4 0 9  0 1 - 0 8 2 - 1 2 1 5
4 1 . 1 4 4 6  2 5 5 . 3 0 0 . 2 6 7 6 2 . 1 9 3 9 7 4 . 1 0
0 . 3 2 1 2  0 0 - 0 4 1 - 1 4 7 5
4 3 . 1 3 3 0  1 2 1 8 . 9 0 0 . 1 1 7 1 2 . 0 9 7 3 3 1 9 . 5 7
0 . 1 4 0 5  0 1 - 0 8 3 - 1 7 6 2 ; 0 0 .  . 
4 5 . 8 5 6 6  8 0 1 . 6 2 0 . 1 1 7 1 1 . 9 7 8 9 0 1 2 . 8 7
0 . 1 4 0 5  0 0 - 0 4 1 - 1 4 7 5
4 7 . 1 0 1 4  4 5 7 . 3 0 0 . 1 3 3 8 1 . 9 2 9 4 6 7 . 3 4
0 . 1 6 0 6  0 1 - 0 8 3 - 1 7 6 2
4 7 . 4 9 4 5  1 3 5 9 . 1 0 0 . 1 0 0 4 1 . 9 1 4 4 1 2 1 . 8 3
0 . 1 2 0 4  0 1 - 0 8 3 - 1 7 6 2
4 8 . 4 7 9 3  1 5 3 7 . 5 0 0 . 0 8 3 6 1 . 8 7 7 8 0 2 4 . 6 9
0 . 1 0 0 4  0 1 - 0 8 3 - 1 7 6 2 ; 0 0 .  . 
5 0 . 2 2 3 3  4 1 3 . 5 3 0 . 2 0 0 7 1 . 8 1 6 6 1 6 . 6 4
0 . 2 4 0 9  0 0 - 0 4 1 - 1 4 7 5
5 2 . 4 2 2 2  3 3 1 . 2 1 0 . 1 3 3 8 1 . 7 4 5 4 7 5 . 3 2
0 . 1 6 0 6  0 0 - 0 4 1 - 1 4 7 5
5 2 . 9 8 8 9  1 8 7 . 5 9 0 . 2 0 0 7 1 . 7 2 8 1 3 3 . 0 1
0 . 2 4 0 9  0 0 - 0 4 1 - 1 4 7 5
5 6 . 5 3 5 5  2 1 8 . 9 9 0 . 1 3 3 8 1 . 6 2 7 8 5 3 . 5 2
0 . 1 6 0 6  0 1 - 0 8 3 - 1 7 6 2 ; 0 0 .  . 
5 7 . 3 7 5 5  5 0 8 . 5 0 0 . 2 0 0 7 1 . 6 0 6 0 0 8 . 1 7
0 . 2 4 0 9  0 1 - 0 8 3 - 1 7 6 2
5 8 . 7 3 3 4  5 7 6 . 7 2 0 . 3 6 7 2 1 . 5 7 0 7 7 9 . 2 6
-409 -
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0 . 4 4 0 6  0 0 - 0 0 1 - 1 1 6 9 ; 0 0 .  .
P a t t e r n  L is t
v i s i b l e  R e f . C o d e  S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e F a c .  Chem.  F o r mu l a
* 0 1 - 0 8 3 - 1 7 6 2 55 C a l c i t e - 0 . 0 3 1
0 . 8 8 0 Ca ( C 03 )
* 0 0 - 0 4 1 - 1 4 7 5 61 A r a g o n i t e - 0 . 0 0 2
0 . 2 0 9 Ca C 03
* 0 0 - 0 0 1 - 1 1 6 9 13 B r u c i t e 0 . 0 9 0
0 . 0 5 7 Mg ( 0  H ) 2
0 0 - 0 0 2 - 1 0 9 2  . 18 B r u c i t e - 0 . 0 6 2
0 . 0 9 7 Mg 0  ! H2 0
0 0 - 0 0 2 - 1 3 9 5 12 B r u c i t e 0 . 0 6 1
0 . 2 2 7 Mg 0  ! H2 0
0 0 - 0 0 7 - 0 2 3 9 18 B r u c i t e , s y n - 0 . 1 6 8
0 . 0 8 6 Mg ( 0  H ) 2
0 0 - 0 4 4 - 1 4 8 2 22 B r u c i t e , s y n - 0 . 1 0 3
0 . 1 3 8 Mg ( 0  H ) 2
0 1 - 0 7 4 - 2 2 2 0 19 B r u c i t e - 0 . 1 4 9
0 . 0 9 2 Mg ( 0  H ) 2
0 1 - 0 7 6 - 0 6 6 7 20 B r u c i t e - 0 . 1 9 4
0 . 1 0 0 Mg ( 0  H ) 2
0 1 - 0 8 2 - 2 4 5 3 20 B r u c i t e , s y n - 0 . 1 3 3
0 . 0 8 8 Mg ( 0  H ) 2
0 1 - 0 8 2 - 2 4 5 4 8 B r u c i t e , s y n 0 . 0 9 6
0 . 0 8 6 Mg ( 0  H ) 2
0 1 - 0 8 2 - 2 4 5 5 9 B r u c i t e , s y n - 0 . 0 8 7
0 . 0 3 2 Mg ( 0  H ) 2
0 1 - 0 8 3 - 0 1 1 4 22 B r u c i t e - 0 . 1 3 0
0 . 1 0 5 Mg ( 0  H ) 2
0 1 - 0 8 4 - 2 1 6 3 21 B r u c i t e , s y n - 0 . 1 1 1
0 . 1 0 3 Mg ( 0  H ) 2
0 1 - 0 8 6 - 0 4 4 1 8 B r u c i t e - 0 . 0 3 4
0 . 0 4 9 Mg ( 0  H ) 2
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Specimen: PC-CMA-SURF-IY
f n  .
:25-cma-TYr-o[c-4irf
100 -
30
PoîlOoi ["zneq
P e a k  L is t
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacinq[Â] Rel.Int.[%] 
Tipwidth[°2Th.] Matched by
18 .. 8 1 8 7 2 3 . 02
0 .3 9 1 7 00- 001- - 1169;  00
23. . 42 4 8 2 4 . 65
0.. 1 7 1 4
26. . 42 2 8 53 . 06
0.. 1958
27,, 4105 25 . 87
0 ,. 1 9 5 8
29. . 6 0 9 0 1 9 4 . 84
0 ,. 1 2 2 4 00-001-- 0229
29. . 83 4 3 215 .25
0 .2 4 4 8 0 0 - 001-- 0229
33 . 3 5 2 5 31. 97
0 ,. 1 4 6 9 01- 082--1213
36 ,. 3 8 0 4 41 .01
0 ,. 2 4 4 8
38. . 1 3 2 5 76 .34
0 ,. 2 4 4 8 00-001-- 1 1 6 9 ; 0 0
39 ,. 5 9 5 2 28 . 40
0 .1 4 6 9 01- 082- - 2 4 5 4 ; 0 0
39, . 8 6 2 7 33 . 58
0 ,. 2 4 4 8 01- 082--1214;01
41.. 3 7 3 9 5 . 49
0 .4 8 9 6 01- 082- - 2 4 5 5 ; 0 0
43 . 3 5 4 3 3 4 . 73
0,. 1 2 2 4 0 0 - 001- - 0229
43 .6 5 2 4 3 2 . 86
0 ,. 2 4 4 8 0 0 - 001-- 0229
46, . 05 3 6 34 .84
0 . 3 2 6 4
0 . 1 4 2 8
0 . 1 6 3 2
0 . 1 6 3 2
0 . 1 0 2 0
0 . 2 0 4 0
0 . 1 2 2 4
0 . 2 0 4 0
0 . 2 0 4 0
0 . 1 2 2 4
0 . 2 0 4 0
0 . 4 0 8 0
0 . 1 0 2 0
0 . 2 0 4 0
0 . 1 6 3 2
4.71169 
3 . 7 9 4 6 0  
3 . 3 7 0 4 5  
3 . 2 5 1 2 1  
3 . 0 1 4 6 1  
2 . 9 9 2 3 6  
2 . 6 8 4 3 1  
2 . 4 6 7 5 4  
2 . 3 5 8 1 0  
2 . 2 7 4 2 9  
2 . 2 5 9 6 4  
2 . 1 8 0 5 3  
2 . 0 8 5 4 0  
2 . 0 7 1 8 5  
1 . 9 6 9 2 6
10 . 70 
11.45 
2 4 . 6 5  
1 2 . 0 2  
9 0 . 5 2  
1 0 0 . 0 0  
1 4 . 8 5  
1 9 . 0 5  
3 5 . 4 7  
1 3 . 2 0  
1 5 . 6 0  
3 . 0 2  
16.14 
1 5 . 2 7  
1 6 . 1 9
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0 . 1 9 5 8
4 7 . 7 0 8 7  2 9 . 8 1 0 . 1 0 2 0 1 . 9 0 4 7 3 1 3 . 8 5
0 . 1 2 2 4
4 8 . 6 8 2 3  3 5 . 7 5 0 . 1 6 3 2 1 . 8 6 8 8 9 1 6 . 6 1
0 . 1 9 5 8
4 9 . 0 5 7 4  2 3 . 4 9 0 . 3 2 6 4 1 . 8 5 5 4 8 1 0 . 9 1
0 . 3 9 1 7
5 0 . 4 1 9 3  1 5 . 9 9 0 . 2 4 4 8 1 . 8 0 8 5 1 7 . 4 3
0 . 2 9 3 8
5 0 . 9 6 1 7  1 7 . 7 9 0 . 4 8 9 6 1 . 7 9 0 5 2 8 . 2 7
0 . 5 8 7 5  0 0 - 0 0 1 - 1 1 6 9 ; 0 0 .  .
5 2 . 6 4 6 7  1 3 . 0 4 0 . 2 4 4 8 1 . 7 3 7 1 1 6 . 0 6
0 . 2 9 3 8
5 7 . 6 0 5 7  1 2 . 6 7 0 . 2 0 4 0 1 . 5 9 8 8 0 5 . 8 9
0 . 2 4 4 8  0 1 - 0 8 4 - 2 1 6 3
5 8 . 8 6 0 6  3 9 . 5 1 0 . 2 0 4 0 1 . 5 6 7 6 7 1 8 . 3 5
0 . 2 4 4 8  0 0 - 0 0 1 - 1 1 6 9 ; 0 0 . .
Pattern List
V i s i b l e  R e f . C o d e  S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c .  Chem.  Fo r mul a
* 0 0 - 0 0 1 - 1 1 6 9 16 B r u c i t e - 0 . 0 5 8
0 . 3 1 5 Mg ( 0  H ) 2
* 0 0 - 0 0 2 - 1 0 9 2 22 B r u c i t e 0 . 0 9 5
0 . 1 9 4 Mg 0  ! H2 0
0 0 - 0 0 7 - 0 2 3 9 23 B r u c i t e , s y n 0 . 1 3 4
0 . 2 2 0 Mg ( 0  H ) 2
0 0 - 0 4 4 - 1 4 8 2 24 B r u c i t e , s y n 0 . 1 6 3
0 . 2 8 3 Mg ( 0 H ) 2
0 1 - 0 7 4 - 2 2 2 0 21 B r u c i t e 0 . 1 4 8
0 . 2 1 9 Mg ( 0  H ) 2
0 1 - 0 7 6 - 0 6 6 7 18 B r u c i t e 0 . 0 9 3
0 . 2 4 0 Mg ( 0  H ) 2
0 1 - 0 8 2 - 2 4 5 3 25 B r u c i t e , s y n 0 . 1 7 5
0 . 2 6 5 Mg ( 0  H ) 2
0 1 - 0 8 2 - 2 4 5 5 9 B r u c i t e , s y n - 0 . 0 6 9
0 . 1 4 2 Mg ( 0  H ) 2
0 1 - 0 8 3 - 0 1 1 4 23 B r u c i t e 0 . 1 5 9
0 . 2 3 6 Mg ( 0  H ) 2
0 1 - 0 8 4 - 2 1 5 3 26 B r u c i t e , s y n 0 . 1 8 1
0 . 2 4 0 Mg ( 0  H ) 2
0 1 - 0 8 6 - 0 4 4 1 12 B r u c i t e - 0 . 1 7 5
-412
Appendix D; XRD Results
Specimen: SIFU-CMA-SURF-3M
1 6 0 0 -
100
P e a k  Li s t
Pos.[°2Th.] Height[cts] FWHM[ °2Th.] d-spacing[Â] Rel.Int.[%]
Tipwidth[°2Th.] Matched by
1 8 . 5 7 0 1  1 1 0 7 . 6 6  
0 . 1 6 0 6  0 0 - 0 4 4 - 1 4 8 2 ; 0 0 . .
0 . 1 3 3 8 4 . 7 7 8 1 6 2 5 . 4 1
1 8 . 7 7 8 2  1 0 8 3 . 3 8  
0 . 2 4 0 9  0 1 - 0 7 5 - 1 9 8 7 ; 0 0 . .
0 . 2 0 0 7 4 . 7 2 5 6 6 2 4 . 8 5
2 1 . 0 5 4 1  1 9 0 . 1 9  
0 . 0 6 0 2  0 1 - 0 7 6 - 0 6 0 6
0 . 0 5 0 2 4 . 2 1 9 7 0 4 . 3 6
2 3 . 4 1 2 7  3 4 8 . 2 6  
0 . 1 2 0 4
0 . 1 0 0 4 3 . 7 9 9 6 7 7 . 9 9
2 6 . 4 3 4 6  7 7 4 . 7 2  
0 . 1 0 0 4
0 . 0 8 3 6 3 . 3 7 1 7 7 17.77
2 7 . 4 1 7 6  4 2 0 . 1 2  
0 . 1 6 0 6
0 . 1 3 3 8 3 . 2 5 3 0 8 9 . 6 4
2 9 . 8 2 8 8  4 0 9 2 . 4 6  
0 . 1 8 0 7  0 1 - 0 7 5 - 1 9 8 7
0 . 1 5 0 6 2 . 9 9 5 3 8 9 3 . 8 8
3 1 . 8 8 9 6  9 5 . 9 2  
0 . 2 4 0 9  0 1 - 0 7 5 - 1 9 8 7
0 . 2 0 0 7 2 . 8 0 6 3 5 2 . 2 0
3 3 . 0 1 3 4  3 3 2 . 6 0  
0 . 2 4 0 9  0 1 - 0 7 6 - 0 6 0 6 ; 0 0 . .
0 . 2 0 0 7 2 . 7 1 3 3 5 7 . 6 3
3 3 . 3 4 5 4  5 8 2 . 1 0  
0 . 1 4 0 5  0 1 - 0 7 5 - 1 9 8 7 ; 0 1 . .
0 . 1 1 7 1 2 . 6 8 7 0 9 1 3 . 3 5
3 6 . 3 7 5 7  8 0 9 . 2 6  
0 . 2 8 1 0  0 1 - 0 7 5 - 1 9 8 7
0 . 2 3 4 2 2 . 4 6 9 8 9 1 8 . 5 7
3 8 . 0 9 6 1  4 3 5 9 . 0 7  
0 . 1 2 0 4  0 1 - 0 7 5 - 1 9 8 7 ; 0 1 . .
0 . 1 0 0 4 2 . 3 6 2 2 2 1 0 0 . 0 0
3 9 . 8 7 0 9  8 1 7 . 1 1  
0 . 2 4 0 9  0 1 - 0 8 2 - 1 2 1 5 ; 0 1 . .
0 . 2 0 0 7 2 . 2 6 1 0 7 1 8 . 7 5
4 1 . 3 6 6 1  1 2 0 . 8 3  
0 . 3 2 1 2  0 1 - 0 7 6 - 0 6 0 6 ; 0 1 . .
0 . 2 6 7 6 2 . 1 8 2 7 3 2 . 77
4 3 . 6 2 8 5  8 1 0 . 8 0  
0 . 2 8 1 0
0 . 2 3 4 2 2 . 0 7 4 6 5 1 8 . 6 0
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46 . 0 4 6 7  7 0 5 . 8 5 0 . 0 8 3 6 1 . 9 7 1 1 7 1 6 . 1 9
0 . 1 0 0 4 0 1 - 0 7 6 - 0 6 0 6
47 . 6889  4 4 2 . 5 8 0 . 1 0 0 4 1 . 9 0 7 0 5 1 0 . 1 5
0 . 1 2 0 4 0 0 - 0 0 4 - 0 6 3 6
48 . 1 0 3 5  6 7 9 . 3 7 0 . 1 6 7 3 1 . 8 9 1 5 8 1 5 . 5 9
0 . 2 0 0 7
48 . 6 9 5 0  5 1 9 . 0 2 0 . 1 0 0 4 1 . 8 6 9 9 8 1 1 . 9 1
0 . 1 2 0 4
49 . 0 7 5 3  7 8 9 . 1 0 0 . 2 3 4 2 1 . 8 5 6 3 8 1 8 . 1 0
0 . 2 8 1 0 0 1 - 0 7 5 - 1 9 8 7 ; 0 1 . .
50 . 4 6 6 2  8 1 3 . 1 8 0 . 2 6 7 6 1 . 8 0 8 4 3 1 8 . 6 5
0 . 3 2 1 2
50 . 9 0 2 5  1 1 9 9 . 7 7 0 . 3 0 1 1 1 . 7 9 3 9 5 2 7 . 5 2
0 . 3 6 1 3 0 1 - 0 7 5 - 1 9 8 7 ; 0 0 .  .
52 . 6 7 0 6  2 7 6 . 6 7 0 . 2 3 4 2 1 . 7 3 7 8 2 6 . 3 5
0 . 2 8 1 0 0 1 - 0 7 6 - 0 6 0 6
53 . 1 5 9 8  1 6 5 . 8 1 0 . 2 0 0 7 1 . 7 2 2 9 7 3 . 8 0
0 . 2 4 0 9 0 1 - 0 7 6 - 0 6 0 6 ; 0 1 .  .
57 . 1 1 8 6  8 3 . 5 3 0 . 2 0 0 7 1 . 6 1 2 6 1 1 . 9 2
0 . 2 4 0 9
58 . 0 0 1 9  3 2 4 . 1 4 0 . 1 0 0 4 1 . 5 9 0 1 4 7 . 4 4
0 . 1 2 0 4 0 0 - 0 0 4 - 0 6 3 6 ; 0 1 .  .
58 . 8 8 0 6  2 7 4 6 . 1 3 0 . 1 0 2 0 1 . 5 6 7 1 9 6 3 . 0 0
0 . 1 2 2 4 0 1 - 0 7 5 - 1 9 8 7 ; 0 0 .  .
Pattern List
v i s i b l e  R e f . C o d e  S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  :F a c .  Chem.  Fo r mul a
* 0 1 - 0 7 6 - 0 6 0 6 50 A r a g o n i t e 0 . 0 9 9
0 . 3 4 2 Ca ( C 03  )
* 0 0 - 0 0 4 - 0 6 3 6 34 C a l c i t e 0 . 3 7 9
0 . 3 1 2 Ca C 03
* 0 0 - 0 4 4 - 1 4 8 2 34 B r u c i t e , s y n 0 . 0 9 8
0 . 9 2 9 Mg ( 0 H ) 2
* 0 0 - 0 0 1 - 1 1 6 9 28 B r u c i t e - 0 . 1 1 5
0 . 8 2 5 Mg ( 0  H ) 2
* 0 0 - 0 0 2 - 1 0 9 2 22 B r u c i t e 0 . 0 4 4
0 . 5 7 9 Mg 0  ! H2 0
* 0 0 - 0 0 7 - 0 2 3 9 30 B r u c i t e , s y n 0 . 0 6 7
0 . 6 5 8 Mg ( 0  H ) 2
0 1 - 0 7 4 - 2 2 2 0 26 B r u c i t e 0 . 0 7 9
0 . 6 4 4 Mg ( 0  H ) 2
0 1 - 0 7 6 - 0 6 6 7 29 B r u c i t e 0 . 0 2 7
0 . 7 4 4 Mg ( 0  H ) 2
0 1 - 0 8 2 - 2 4 5 3 29 B r u c i t e , s y n 0 . 1 0 9
0 . 7 0 3 Mg ( 0  H ) 2
0 1 - 0 8 2 - 2 4 5 4 8 B r u c i t e , s y n 0 . 0 5 3
0 . 0 5 0 Mg ( 0  H ) 2
0 1 - 0 8 2 - 2 4 5 5 11 B r u c i t e , s y n 0 . 1 2 1
0 . 0 1 7 Mg ( 0  H ) 2
0 1 - 0 8 3 - 0 1 1 4 28 B r u c i t e 0 . 0 9 5
0 . 7 2 5 Mg ( 0  H ) 2
0 1 - 0 8 4 - 2 1 6 3 28 B r u c i t e , s y n 0 . 1 1 6
0 . 7 1 4 Mg ( 0  H ) 2
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Specimen: PC-CMA-SURF-IY
..Jcma-tyKlftHtirf
1 0 0 -
25 -
3020 40 50
p 041031 rzneq
P e a k  Lis t
Pos.[°2Th.] Height[cts] FWHM[°2Th.] d-spacing[Â] Rel.Int.[%] 
Tipwidth[°2Th.] Matched by
18, 
0 . 3 9 1 7  
23 , 
0 . 1 4 6 9  
26,  
0.1714 
27 , 
0 . 1 4 6 9  
29,  
0 . 0 7 3 4  
29
0 . 1 4 6 9
*32
0 . 4 8 9 6
33
0 . 1 4 6 9
36
0 . 2 4 4 8
37
0 . 1 4 6 9
38
0 . 1 2 2 4
38
0 . 2 9 3 8
40
0 . 1 7 1 4
41
0 . 2 9 3 8
9375
5921
5 801
00- 0 0 3 -
5599
0 0 - 0 0 3
7578
0 0 - 0 0 1
9952
0 0 - 0 0 2
0313
4752
0 0 - 0 1 5
5012
0 0 - 0 0 1
6247
0 0 - 0 0 2
2 432
0 0 - 0 1 5
8317
0 0 - 0 0 1
0364
0 0 - 0 0 2
5747
0 0 - 0 0 1
2 6 . 2 0
2 3 . 5 2
1 2 5 . 6 1
0 5 9 6 ; 0 0 . .
7 0 . 0 5  
-0670; 00. .
1 1 8 . 9 7  
0 2 2 9 ; 0 0 . .
2 3 1 . 1 3
0679
7 . 1 5
6 8 . 7 9
0285
6 1 . 2 3  
^ 2 2 9 ; 0 0 . .
2 0 . 5 9  
- 0714;  00 .  .
1 0 0 . 0 1
0285
31 . 16 
^ 2 2 9 ; 0 0 . .
3 7 . 3 2  
- 0 6 4 3 ; 0 0 . .
1 2 . 3 6
- 0 2 2 9 ; 0 0 . .
0 . 3 2 6 4
0 . 1 2 2 4
0 . 1 4 2 8
0 . 1 2 2 4
0 . 0 6 1 2
0 . 1 2 2 4
0 . 4 0 8 0
0 . 1 2 2 4
0 . 2 0 4 0
0 . 1 2 2 4
0 . 1 0 2 0
0 . 2 4 4 8
0 . 1 4 2 8
0 . 2 4 4 8
4 . 6 8 2 3 9
3 . 7 6 8 0 6
3 . 3 5 0 8 7
3 . 2 3 3 9 2
2 . 9 9 9 8 8
2 . 9 7 6 6 7
2 . 7 9 1 9 5
2 . 6 7 4 7 5
2 . 4 5 9 6 6
2 . 3 8 8 7 5
2 . 3 5 1 5 2
2 . 3 1 7 2 3
2 . 2 5 0 2 4
2 . 1 7 0 4 7
1 1 . 3 4  
10 . 18
5 4 . 3 5  
3 0 . 3 1
5 1 . 4 7  
1 0 0 . 0 0
3 . 0 9
2 9 . 7 6
2 6 . 4 9
8 . 9 1
4 3 . 2 7
1 3 . 4 8  
16 .15
5 . 3 5
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43 . 2 6 1 6  2 7 . 3 0 0 . 1 6 3 2 2 . 0 8 9 6 6 1 1 . 8 1
0 . 1 9 5 8 0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .
43 . 8 3 2 8  2 6 . 3 5 0 . 2 0 4 0 2 . 0 6 3 7 4 1 1 . 4 0
0 . 2 4 4 8 0 0 - 0 0 2 - 0 6 4 3 ; 0 0 . .
46 . 2 0 5 3  1 0 5 . 5 1 0 . 1 2 2 4 1 . 9 6 3 1 5 4 5 . 6 5
0 . 1 4 6 9 0 0 - 0 1 5 - 0 2 8 5
48 . 3 0 1 3  2 0 . 5 8 0 . 3 2 6 4 1 . 8 8 2 7 4 8 . 9 0
0 . 3 9 1 7 0 0 - 0 0 2 - 0 6 0 4 ; 0 0 . .
48 . 6 8 8 3  4 1 . 5 0 0 . 1 6 3 2 1 . 8 6 8 6 7 1 7 . 9 6
0 . 1 9 5 8 0 0 - 0 0 1 - 0 8 3 7 ; 0 0 . .
49 . 2 4 7 4  2 3 . 8 1 0 . 2 8 5 6 1 . 8 4 8 7 6 1 0 . 3 0
0 . 3 4 2 7 0 0 - 0 0 2 - 0 6 4 3 ; 0 0 .  .
50 . 5 5 1 0  3 4 . 9 4 0 . 2 0 4 0 1 . 8 0 4 1 0 1 5 . 1 2
0 . 2 4 4 8 0 0 - 0 0 2 - 0 7 1 4 ; 0 0 . .
51 . 1 5 3 3  1 5 . 9 9 0 . 2 4 4 8 1 . 7 8 4 2 6 6 . 9 2
0 . 2 9 3 8
52 . 7 8 0 6  3 8 . 4 3 0 . 1 4 2 8 1 . 7 3 3 0 2 1 6 . 6 3
0 . 1 7 1 4
53 . 3 0 1 3  1 9 . 3 2 0 . 2 0 4 0 1 . 7 1 7 3 1 8 . 3 6
0 . 2 4 4 8
58 . 0 8 4 3  1 2 . 0 0 0 . 3 2 6 4 1 . 5 8 6 7 6 . 5 . 1 9
0 . 3 9 1 7 0 0 - 0 0 2 - 0 6 4 3 ; 0 0 .  .
58 . 9 9 2 2  2 7 . 4 5 0 . 1 6 3 2 1 . 5 6 4 4 9 1 1 . 8 8
0 . 1 9 5 8 0 0 - 0 0 1 - 0 7 7 0 ; 0 0 .  .
P a t t e r n  Li s t
V i s i b l e  R e f . C o d e  S c o r e Compound Name D i s p l . [ ° 2 T h ]
S c a l e  F a c .  Chem.  Fo r mul a
0 0 - 0 0 1 - 0 8 3 7  14 C a l c i t e 0 . 3 5 0
0 . 3 5 0 Ca C 03
0 0 - 0 0 2 - 0 6 2 3  Unmatch C a l c i t e 0 . 3 0 7
0 . 3 8 0 Ca C 03
0 0 - 0 0 2 - 0 6 2 9  Unmat ch C a l c i t e 0 . 2 7 7
0 . 2 1 8 Ca C 03
0 0 - 0 0 3 - 0 5 6 9  Unmat ch C a l c i t e - 0 . 1 2 8
0 . 1 5 8 Ca C 03
0 0 - 0 0 3 - 0 5 9 3  Unmat ch C a l c i t e 0 . 3 5 7
0 . 2 5 9 Ca C 03
0 0 - 0 0 3 - 0 5 9 6  Unmat ch C a l c i t e 0 . 0 8 3
0 . 1 2 8 Ca C 03
0 0 - 0 0 3 - 0 6 1 2  Unmat ch C a l c i t e 0 . 2 0 2
0 . 2 3 2 Ca C 03
0 0 - 0 0 3 - 0 6 7 0  Unmat ch C a l c i t e - 0 . 1 5 0
0 . 2 3 0 Ca C 03
0 0 - 0 0 4 - 0 6 3 6  Unmat ch C a l c i t e 0 . 2 2 1
0 . 1 7 1 Ca C 03
0 0 - 0 0 4 - 0 6 3 7  Unmat ch C a l c i t e 0 . 2 2 1
0 . 1 7 1 Ca C 03
0 0 - 0 0 5 - 0 5 8 6  18 C a l c i t e , s y n 0 . 3 0 3
0 . 3 6 5 Ca C 03
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